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CHARGE PUMP WITH ENSURED PUMPING
CAPABILITY

FIELD OF USE

This invention relates to electronic circuitry and, in par-
ticular, to charge pumps for use in integrated circuits.

BACKGROUND ART

A charge pump is an electronic circuit that uses a pumping
technique to generate a pump output voltage outside the
range of supply voltages from which the pump operates.
When the pump output voltage is greater than the upper limit
of the power-supply range, the pump is commonly referred
to as a positive charge pump. A charge pump whose output
voltage is less than the lower limit of the power-supply range
is commonly referred to as a negative charge pump. A charge
pump typically contains a group of pump stages arranged in
series. Each stage provides an incremental voltage increase
or decrease, generally referred to as the stage voltage gain,
in the pump output voltage.

FIG. 1 illustrates a conventional n-stage positive diode
charge pump whose power-supply range is from ground
reference (0 V) to a high voltage denoted here as V. The
diode pump of FIG. 1 contains n substantially identical pn
diodes D,-D,,, n respectively corresponding pump capacitors
C,-C,, output pn diode D,,,, and output capacitor C,
arranged as shown. Each pump stage consists of a diode D,
and corresponding capacitor C, where i is an integer varying
from 1 to n. High supply voltage V,, is provided as an input
signal to the D, anode. Using output capacitor C,, to reduce
output voltage ripple, the D,,, cathode furnishes pump
output voltage signal V., at a relatively constant value
greater than V.

Clock voltage V -« is provided to odd-numbered pump
capacitors C,, C;, and so on. Even-numbered pump capaci-
tors C,, C,, and so on receive clock voltage V . inverse to
clock voltage V.. Voltages V. and V. vary between 0
and V,, at a suitable frequency as generally indicated in
FIG. 2. The stage voltage gain is the same for each stage
D/C, and can be as high as V,,,-V,, where V,,, denotes the
voltage at which each diode D, starts to conduct current.
Since each stage D,/C, has the same stage voltage gain,
output voltage V, increases linearly with the number n of
stages.

The diode pump of FIG. 1 is a highly efficient device.
However, diode turn-on voltage V,,, is basically not scalable.
As a result, the diode pump cannot be readily scaled
downward as the power-supply voltage range is reduced in
the course of decreasing the average integrated-circuit fea-
ture size. Also, providing an integrated circuit with pn
diodes for a diode pump presents substantial fabrication
difficulties.

The scaling and fabrication difficulties are overcome with
the n-stage positive charge pump initially described in
Dickson, “On-chip high-voltage generation in MNOS inte-
grated circuits using an improved voltage multiplier tech-
nique,” IEEE J. Solid-State Circs., vol. SC-11, March 1976,
pp- 374-378. FIG. 3 depicts the Dickson charge pump in
which each diode D, of the diode pump of FIG. 1 is replaced
with a diode-configured n-channel insulated-gate field-effect
transistor (“FET”) Q, whose drain and gate electrode are
connected together. The body regions of FETs Q,-Q,,,, are
all grounded.

The stage voltage gain for the ith stage of the Dickson
pump can be as high as V-V, where V is the Q,
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2

threshold voltage. The high (or low) voltage at the source of
each FET Q, increases as that FET Q, is further down the
charge pump, i.e., as i increases. Because the body regions
of FETs Q,-Q,, are all grounded and thus at the same
electrical potential, FETs Q,-Q,, experience a body effect
which causes threshold voltage V ;; to increase as i increases.
The stage voltage gain thereby decreases with increasing i.
For the same number of stages and same voltage conditions
at the first stage, the Dickson pump is less efficient than the
diode pump.

Shin et al. (“Shin”), “A New Charge Pump Without
Degradation in Threshold Voltage Due to Body Effect,”
IEEE J. Solid-State Circs., vol. 35, August 2000, pp. 1227-
1230, addresses the efficiency loss of the Dickson pump with
the n-stage positive charge pump shown in FIG. 4. Shin
replaces each FET Q, of the Dickson pump with a three-FET
charge-transfer cell 20, consisting of p-channel charge-trans-
fer FET Qg, p-channel source-side FET Qg;, and p-channel
drain-side FET Qj, arranged as shown where i here varies
from 1 to n+1. Each cell 20, provides cell output voltage
signal V,, at the interconnected gate electrode and drain of
that cell’s charge-transfer FET Q. Pump output voltage
V,, is output voltage V,,, , of output cell 20, ,,. The body
region of charge-transfer FET Q4 in each cell 20, is con-
nected to the interconnected drains of side FETs Qg and Qp,,
to receive body voltage signal V,.

Consider a cell 20, whose pump capacitor C, receives
clock voltage V.. When voltage V. goes low, charge-
transfer FET Qg in that cell 20, turns on as cell output
voltage V,, rapidly drops by an amount approximately equal
to V. Charge passes through FET Qg to gradually raise
voltage V,; by an amount less than V. FET Q turns off
when clock voltage V. subsequently goes high. Voltage
V,, rapidly increases by an amount approximately equal to
V5o Since clock voltage V.. goes low when voltage V.-
goes high, charge-transfer FET Q4 in next cell 20,,, turns
on. Charge passes through FET Q,, to gradually reduce
voltage V,, by an amount less than V,,. When Shins’s
charge pump is in steady-state operation, cell output voltage
V,, thereby returns to approximately the value existing
when clock voltage V - went low. However, voltage V,, is
of an average value greater than that of input voltage V,, ,
to cell 20,. The stage containing cell 20, thus has a voltage
gain.

Subject to bipolar-action difficulties which arise with first
cell 20, and output cell 20,,, , and which are discussed below
in connection with FIGS. 6a and 64, side FETs Q,-Qs,,,;
and Qp,-Qp,,.; operate generally in the following manner.
When charge-transfer FET Q; in foregoing cell 20, turns on
due to clock voltage V. going low, source-side FET Q;
turns on as drain-side FET Qp, turns off. The body region of
charge-transfer FET Qg is temporarily electrically con-
nected to its source by way of an electrical path through
source-side FET Q. The reverse occurs when clock voltage
V & goes high to turn charge-transfer FET Qg off. Drain-
side FET Qp, turns on as source-side FET Qg turns off. The
body region of charge-transfer FET Q, is then temporarily
electrically connected to its drain by way of an electrical
path through drain-side FET Qp, so as to prevent body
voltage V, from electrically floating.

Importantly and again subject to the below-described
bipolar-action difficulties, the temporary electrical connec-
tions of the body regions of charge-transfer FETs Q-Q,.;
respectively to their sources when each FET Qg is in its
conductive condition enables FETs Qg -Q,,; to all effec-
tively have the same zero back-bias threshold voltage V .
Shin’s pump largely avoids the body-effect threshold volt-
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age increase, and the consequent stage voltage gain
decrease, that arises with Dickson’s pump as i increases.
Shin presents a graph, substantially repeated in FIG. 5,
which shows that Shin’s pump is much more efficient than
Dickson’s pump and closely approaches the efficiency of the
diode pump.

FIG. 6a cross-sectionally illustrates Shin’s cell structure
as applied to first cell 20,. P-type semiconductor substrate
22 is provided with n-well 24 having four p+ regions of
which p+ region 26 serves commonly as the Q, drain and
the Qp, source. P+ region 28 is the Q,, drain and is
electrically connected to n-well 24 by way of n+ contact
region 30. P-substrate 22, n-well 24, and p+ region 26
respectively constitute the collector, base, and emitter of
parasitic pnp bipolar transistor 32 having parasitic collector
resistance 34 and parasitic base resistance 36.

Pnp transistor 32 needs to be turned off for first cell 20,
to operate properly. For transistor 32 to be turned off, cell
output voltage V,, at emitter 26 needs to be less than a Vg,
typically 0.6-0.9 V, above body voltage Vz, at base 24.
When clock voltage V - goes high, voltage V,, rapidly
rises sufficiently above V,, that charge-transter FET Q,
and source-side FET Qg, turn off. Drain-side FET Q,, is
intended to turn on (strongly) and electrically connect its
source 26 to n-well 24 by way of an electrical path through
the Qp,, channel region, Q,, drain 28, and contact region 30.
When clock voltage V . is high, body voltage V5, is thus
intended to substantially equal cell output voltage V, so
that transistor 32 is turned off.

Fixed high supply voltage V., applied to Qp, gate
electrode 38 may, however, sometimes not be sufficiently
less than cell output voltage V,, during an entire V -, high
interval, especially since voltage V,, drops during the
interval, for drain-side FET Q, to be turned on strongly
enough to ensure that body voltage V, is sufficiently close
to voltage V,, that pnp transistor 32 is turned off during the
entire V - high interval. Depending on various factors such
as noise, manufacturing variations, and so on, body voltage
V5, may occasionally float sufficiently low that pnp tran-
sistor 32 turns on and conducts current to substrate 22. This
bipolar action reduces the stage voltage gain of first cell 20, .
The stage voltage gain of later cells is also reduced so that
the overall performance of Shin’s pump is substantially
degraded.

A similar, but complementary, bipolar-action phenom-
enon occurs in output cell 20, ,,. Referring to FIG. 65 for a
cross-sectional illustration of Shin’s cell structure as applied
to cell 20,,,,, p-substrate 22 is further provided with n-well
40 having four p+ regions of which p+ region 42 serves as
both the Q. , source and the Qs,,, , source. P+ region 44 is
the Qs,,,, drain and is electrically connected to n-well 40 by
way of n+ contact region 46. P-substrate 22, n-well 40, and
p+ region 42 respectively constitute the collector, base, and
emitter of parasitic pnp bipolar transistor 48 having parasitic
collector resistance 50 and parasitic base resistance 52.

FIG. 65 illustrates the case in which n is an even number
so that pump capacitor C,, receives clock voltage V . For
pup transistor 48 to be turned off as is necessary for output
cell 20,., to operate properly, cell input voltage V,,, at
emitter 42 must be less than a V5, above body voltage Vg, ,
at base 40. When clock voltage V .- goes high, voltage V,,
applied to Q,,.; gate electrode 54 and Q,,, source 42
rapidly rises sufficiently above pump output voltage V. at
the Qp,,,,; source and Q,,, gate electrode 56 that drain-side
FET Qp,,,, turns off and charge-transter FET Q,,; simul-
taneously turns on. With region 42 also being the source of
source-side FET Q,,,; and with its gate electrode 58 also
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receiving voltage V., FET Qg is intended to likewise turn
on (strongly) and electrically connect its source 42 to n-well
40 by way of an electrical path through the Qg channel, Qg
drain 44, and contact region 46. When clock voltage V . is
high, body voltage Vg, ,, is thus intended to substantially
equal cell input voltage V,, so that transistor 48 is turned
off.

Largely constant pump output voltage V. applied to
Q,,,, gate electrode 58 may, however, sometimes not be
sufliciently less than input voltage V,, to output cell 20,,, ,
during an entire V- high interval, especially since voltage
V 5, drops during the interval, for source-side FET Q,,,, to
be turned on strong enough to ensure that body voltage
V.., is sufficiently close to voltage V,, that parasitic pnp
transistor 48 is turned off during the entire V -, high interval.
Again depending on factors such as noise, manufacturing
variations, and so on, body voltage V., may occasionally
float sufficiently low that pnp transistor 48 turns on and
conducts current to substrate 22. Shin’s pump can lose much
of'its voltage gain dependent on how long and how strongly
transistor 48 is turned on.

The efficiency of Shin’s pump is potentially very high. It
would be desirable to have a charge pump that operates
similarly to Shin’s pump but avoids the bipolar-action
difficulties that handicap its performance.

GENERAL DISCLOSURE OF THE INVENTION

An n-stage charge pump in accordance with the invention
contains n primary capacitive elements, n+1 charge-transfer
cells respectively sequentially designated (for convenience)
as the first through (n+1)th cells, and sources of first and
second clock signals approximately inverse to each other.
The n primary capacitive elements respectively correspond
to the first through nth charge-transfer cells where n is at
least 3. In particular, each primary capacitive element and
the corresponding cell are components of one stage of the
charge pump.

The charge-transfer cells employ like-polarity field-effect
transistors, i.e., all p-channel for positive pumping or all
n-channel for negative pumping. Each of these FETs has a
gate electrode and first and second source/drain (“S/D”)
regions separated by a channel portion of a body region.
Each cell typically uses three such FETs respectively
referred to as the charge-transfer FET, the first side FET, and
the second side FET.

A pump input signal is provided to the first S/D region of
the charge-transfer FET in the first cell. The cells are
arranged in series with the second S/D region of the charge-
transfer FET of each cell except the (n+1)th cell coupled to
the first S/D region of the charge-transfer FET of the next
cell. A pump output signal is available at the second S/D
region of the charge-transfer FET of the (n+1)th cell.

Each primary capacitive element is coupled between the
second S/D region of the charge-transfer FET of the corre-
sponding cell and (i) the source of the first clock signal if that
cell is an odd-numbered cell or (ii) the source of the second
clock signal if that cell is an even-numbered cell. The first
and second S/D regions of the first side FET of each cell are
respectively coupled to the first S/D and body regions of that
cell’s charge-transfer FET. The first and second S/D regions
of'the second side FET of each cell are respectively coupled
to the second S/D and body regions of that cell’s charge-
transfer FET.

Unlike Shin’s charge pump in which the gate electrodes
of the source-side and drain-side FETs in every charge-
transfer cell are connected the same cell-wise, the gate
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electrodes of the first and second side FETs in the present
charge pump are connected differently in at least one of the
first and (n+1)th cells than in the intervening n-1 cells. More
particularly, the gate electrodes of the first and second side
FETs of the first cell in the pump of the invention are
typically respectively coupled to the second S/D region of
the first cell’s charge-transfer FET and the source of the
second clock signal while the gate electrodes of the first and
second side FETs of the (n+1)th cell are respectively coupled
to a selected location in the pump and the first S/D region of
the (n+1)th cell’s charge-transfer FET. The gate electrodes
of the first and second side FETs in each remaining cell are
preferably respectively coupled to the second and first S/D
regions of that remaining cell’s charge-transfer FET.

The first S/D region of the second side FET of the first cell
is coupled through one of the primary capacitive elements to
the source of the first clock signal as a result of the
above-described connections. The second side FET of the
first cell thereby turns on in response to the first clock signal
going to a suitable value.

By having the gate electrode of the second side FET of the
first cell coupled to the source of the second clock signal in
accordance with the invention, the difference between the
voltages at the gate electrode and first S/D region of that FET
is greater when it is conductive than what would occur if its
gate electrode were, as arises with the gate electrode of the
drain-side FET in Shin’s first cell, coupled to the input node
because the second clock signal is generally inverse to the
first clock signal and, during conductive intervals for the
second side FET of the first cell in the present charge pump,
is at voltage further away from the voltage of the first clock
signal than is the pump input voltage. This increased voltage
difference prevents the second side FET of the first cell in the
charge pump of the invention from turning off when the first
clock signal is at the on value for that FET and, accordingly,
prevents undesired bipolar action that could cause loss in the
stage voltage gain of the first and later pump stages.

The charge pump of the invention normally includes
circuitry for providing the gate electrodes of the charge-
transfer FETs (a) of each odd-numbered cell with a control
signal synchronized to the first clock signal and (b) of each
even-numbered cell with a control signal synchronized to
the second clock signal. In light of how the primary capaci-
tive elements are variously coupled to the sources of the first
and second clock signals, these connections can be partially
implemented by connecting the gate electrode of the charge-
transfer FET in each of the first through nth cells to that
FET’s second S/D region. The implementation is typically
completed by coupling an additional capacitive element
between the gate electrode of the (n+1)th cell’s charge-
transfer FET and (i) the source of the first clock signal if n
is an even number or (ii) the source of the second clock
signal if n is an odd number.

The gate electrode of the first side FET of the (n+1)th cell
can be connected in various ways in accordance with the
invention. In one embodiment, the gate electrode of the
(n+1)th cell’s first side FET is coupled to the second S/D
region of the (n—1)th cell’s charge-transfer FET, i.e., to the
second S/D region of the charge-transfer FET in the cell two
cells before the (n+1)th cell. With the charge pump contain-
ing the above-mentioned additional capacitive element, the
gate electrode and second S/D region of the (n+1)th cell’s
charge-transfer FET are substantially electrically decoupled
from each other. In that case, the gate eclectrode of the
(n+1)th cell’s first side FET can alternatively be coupled to
the gate electrode of the (n+1)th cell’s charge-transfer FET.
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As a result of the above-described connections, the first
S/D region of the first side FET of the (n+1)th cell is coupled
through one of the primary capacitive elements to the source
of a specified one of the first and second clock signals
depending on whether n is even or odd. The first side FET
of'the (n+1)th cell turns on in response to the specified clock
signal going to an appropriate value.

By connecting the gate electrode of the first side FET of
the (n+1)th cell in either of the ways described above, the
gate electrode of that FET is coupled through one of the
capacitive elements to the source of the remaining one of the
first and second clock signals. This enables the difference
between the voltages at the gate electrode and first S/D
region of that FET to be greater when it is conductive than
what would occur if its gate electrode were, as arises with
the gate electrode of the source-side FET in Shin’s (n+1)th
cell, coupled to the output node because, during conductive
intervals for the first side FET of the (n+1)th cell in the
present charge pump, the remaining clock signal is at
voltage further away from the voltage of the specified clock
signal than is the pump output voltage. This increased
voltage difference prevents the first side FET of the (n+1)th
cell in the present pump from turning off when the specified
clock signal is at the on value for that FET and thereby
avoids loss in the pump’s overall voltage gain.

The charge pump of the invention operates as a two-phase
device when it is controlled by only two clock signals. The
pumping efficiency can be improved by utilizing two more
clock signals to create a four-phase implementation. In
particular, the present pump can be provided with sources of
third and fourth clock signals different from the first and
second clock signals. The four clock signals all vary sub-
stantially between first and second voltage values. The third
clock signal is substantially at the first voltage value during
pumping operation only during part of each time interval in
which the first clock signal is substantially at the first voltage
value. The fourth clock signal is similarly at the first voltage
value during pumping operation only during part of each
time interval in which the second clock signal is substan-
tially at the first voltage value.

In addition to the n primary capacitive elements, the
four-phase implementation of the charge pump of the inven-
tion contains n+1 further capacitive elements respectively
corresponding to the n+1 cells. Each further capacitive
element is coupled between the gate electrode of the charge-
transfer FET of the corresponding cell and (i) the source of
the third clock signal if that cell is an odd-numbered cell or
(i1) the source of the fourth clock signal if that cell is an
even-numbered cell. Each of the n pump stages thus contains
two capacitive elements. Each cell is also typically provided
with one or more additional FETs to appropriately interface
between the capacitive elements of that cell’s stage.

The four-phase implementation of the present charge
pump may include an additional capacitive element coupled
to the source of a selected one of the first and second clock
signals, specifically the first clock signal if n is an even
number or the second clock signal if n is an odd number.
Instead of connecting the gate electrode of the first side FET
of the (n+1)th cell in either of the preceding ways, the gate
electrode of the first side FET of the (n+1)th cell can be
connected to the additional capacitive element. In such an
embodiment, the gate electrode and second S/D region of the
(n+1)th cell’s charge-transfer FET are normally configured
s0 as not to be directly electrically connected to each other.
The pump then typically includes at least one additional FET
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having its S/D regions coupled respectively to the gate
electrodes of the (n+1)th cell’s charge-transfer and first side
FETs.

Coupling the gate electrode of the first side FET of the
(n+1)th cell through the additional capacitive element to the
source of the selected one of the first and second clock
signals in the preceding manner enables the four-phase
implementation of the charge pump of the invention to
achieve the performance advantages attained by connecting
the gate electrode of the (n+1)th cell’s first side FET in either
of' the first two ways described above. That is, the difference
between the voltages at the gate electrode and first S/D
region of that FET is greater when it is conductive than what
would occur if its gate electrode were coupled to the output
node. The increased voltage difference again prevents loss in
the pump’s overall voltage gain.

Regardless of the number of clock signals employed by
the present charge pump, certain of the side FETs in the cells
between the first and (n+1)th cells can sometimes be con-
nected differently than described above. While retaining the
charge-transfer FETs, certain of the side FETs in the cells
between the first and (n+1)th cells may even be absent in
some embodiments.

In short, the present charge pump avoids bipolar action
difficulties that can severely degrade the performance of
Shin’s pump. At the same time, the pump of the invention
achieves an efficiency very close to the efficiency of a diode
pump. Since the present pump employs FETs, it can readily
be scaled to small dimensions and thereby avoids the scaling
difficulties of the diode pump. Consequently, the invention
provides a significant advance over the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1, 3, and 4 are circuit diagrams of three conven-
tional charge pumps.

FIG. 2 is a graph of idealized clock voltages for the charge
pump of each of FIGS. 1, 3, and 4.

FIG. 5 is a graph of pump output voltage as a function of
the number of stages for the charge pumps of FIGS. 1, 3, and
4.

FIGS. 6a and 65 are a pair of composite circuit diagrams/
side cross-sectional views for the first and output cells of the
charge pump of FIG. 4.

FIGS. 7a and 7b are circuit diagrams of a two-phase
positive charge pump according to the invention.

FIG. 8 is a graph of clock voltages for the charge pump
of FIGS. 7a and. 7b.

FIG. 9 is a graph of various voltages, including idealized
clock voltages, for the charge pump of FIGS. 7a and 75.

FIGS. 10a and 105 are a pair of composite circuit dia-
grams/side cross-sectional views for the first and output cells
of the charge pump of FIGS. 7a and 75.

FIG. 11 is a circuit diagram of a two-phase negative
charge pump according to the invention.

FIGS. 124 and 125 are circuit diagrams of a four-phase
positive charge pump according to the invention.

FIG. 13 is a graph of idealized clock voltages for the
charge pump of FIGS. 124 and 1264.

FIG. 14 is a circuit diagram of another four-phase positive
charge pump according to the invention.

FIGS. 154 and 155 are circuit diagrams of a four-phase
negative charge pump according to the invention.

FIG. 16 is a graph of idealized clock voltages for the
charge pump of FIGS. 154 and 1564.

FIG. 17 is a circuit diagram of another four-phase nega-
tive charge pump according to the invention.
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Like reference symbols are employed in the drawings and
in the description of the preferred embodiments to represent
the same, or very similar, item or items.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIGS. 7a and 7b (collectively “FIG. 77) illustrate an
n-stage two-phase positive charge pump in accordance with
the invention. Beginning and end portions of the two-phase
positive charge pump are depicted in FIG. 7a. An interme-
diate pump portion is depicted in FIG. 7. The charge pump
of FIG. 7 operates from a power supply that provides high
supply voltage V,,, and a low supply voltage V¢, typically
ground reference, which define a power-supply voltage
range V-V, High supply voltage V,, is 2.5-4.0 V,
typically 3.0 V, when low supply voltage V. is ground
reference.

The charge pump of FIG. 7 consists of n+1 charge-
transfer cells 60,, 60,, ...60,_,, 60,, and 60, ,, arranged in
series, n substantially identical primary pump capacitive
elements C.;, Cs, . . . Cg,_;, and C,, respectively corre-
sponding to charge-transfer cells 60,-60,, an additional
capacitive element C,,, ;, an output capacitive element Cp,
and sources (not separately shown) of a first clock voltage
signal V ., and a second voltage clock signal V. » largely
inverse to first clock voltage V ~x». Each charge-transfer cell
60, and corresponding primary capacitive element C, form
a stage 62, of the charge pump where integer i varies from
1 to n. Integer n, the number of pump stages 62,-62,, is 3 or
more. Hence, the pump of FIG. 7 has at least four charge-
transfer cells 60,-60, .

Each of capacitive elements C.,-C,, and C,,, can be
implemented as a standard capacitor consisting of a dielec-
tric layer sandwiched between two electrically conductive
plates. However, to facilitate charge-pump manufacture in
integrated-circuit form, each of capacitive elements C_-
C, and Cg,,,, is preferably implemented with one or more
enhancement-mode or depletion-mode insulated-gate FETs
whose source/drain regions are all electrically shorted
together. A well capacitor is a semiconductor element con-
figured substantially the same as such a capacitively con-
nected FET except that the body region of the well capacitor
is of the same conductivity type as, rather than being of
opposite conductivity type to, the two interconnected later-
ally separated regions which extend along the upper semi-
conductor surface and which correspond to the source/drain
regions of the capacitively connected FET. The body region
of the well capacitor is more lightly doped than the two
regions corresponding to the source/drain regions of the
capacitively connected FET. Each of capacitive elements
C,Cc, and Cg,,, can also be implemented with one or
more well capacitors.

Output capacitive element C,, may simply consist of the
parasitic semiconductor load capacitance at the C,, loca-
tion. If the value of the C,, parasitic capacitance is too low,
the C,, value can be increased by combining the Cpp
parasitic capacitance with a non-parasitic (real) capacitor.
Similar to capacitive elements C.,-C,, and Cg,,,, the
non-parasitic portion of capacitive element Cp, can be
implemented as a standard capacitor but, to facilitate charge-
pump manufacture in integrated-circuit form, is preferably
implemented with one or more capacitively connected FETs
or one or more well capacitors.

Capacitively connected FETs and well capacitors function
substantially the same as standard capacitors. Accordingly,
capacitive elements C.,-C,, Cg,,,1, and Cpp are often
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referred to below simply as “capacitors”. The same applies
to other such capacitive elements described below. A state-
ment below that positive charge is transferred to or from a
capacitor means that charge is transferred to or from the
capacitor plate connected to an electrical line that carries the
transferred charge.

A pump input voltage signal V,, at a value largely equal
to high supply voltage V ,, is provided on an input electrical
conductor 64 to first cell 60, in first stage 62,. While nth
stage 62, that contains nth cell 60,, is the last stage, (n+1)th
cell 60,,,, is an output cell connected to an output electrical
conductor 66 on which pump output voltage signal V is
furnished at an approximately constant value greater than
Vpp. Output capacitor C,, is connected between output
conductor 66 and the V ;¢ supply for reducing ripple in pump
output voltage Vp.

Charge-transfer cells 60,-60, , , are formed with enhance-
ment-mode p-channel insulated-gate FETs, each having a
first p-type source/drain region, a second p-type source/drain
region, and a gate electrode for controlling current flow
between the source/drain regions. The first and second
source/drain (generally “S/D”) regions of each FET are
separated by a channel portion of an n-type body region that
forms a pn junction with each of that FET’s S/D regions. A
gate dielectric layer separates the gate electrode of each FET
from its channel portion. The first S/D region of each FET
normally functions primarily as its source and is sometimes
referred to below parenthetically as the “source”. In a
complementary manner, the second S/D region of each FET
normally functions primarily as its drain and is sometimes
referred to below parenthetically as the “drain”. FIGS. 10a
and 104, discussed below, depict typical cross-sectional side
views for the FETs in two of cells 60,-60 ;.

Each charge-transfer cell 60, consists of a charge-transfer
FET P, afirst side FET Pg,, and a second side FET P,
where i here varies from 1 to n+1. Charge-transfer FETs
P,-P4,,, are substantially identical. First side FETs
P -Ps,,, are substantially identical. Second side FETs
Pp1-Pp,..; are substantially identical.

The first S/D region (source) of charge-transfer FET P,
of first cell 60, is connected to input conductor 64 to receive
pump input voltage V,, largely at V,, as an input signal to
cell 60,. The second S/D region (drain) of charge-transfer
FET Pg in each cell 60, except for output cell 60,,, is
connected to the first S/D region (source) of charge-transfer
FET Pg,, in next cell 60,,,. Each cell 60, provides cell
output voltage signal V,, from the second S/D region of that
cell’s charge-transfer FET P,. Output voltage V ,, from each
cell 60, except output cell 60, , is thus an input signal to next
cell 60,, ,. Alternatively stated, each cell 60, receives voltage
Vi as a cell input signal at the first S/D region of that
cell’s charge-transfer FET P, ,. The second S/D region
(drain) of charge-transfer FET P, in output cell 60,,,, is
connected to output conductor 66 to provide output voltage
V ey from cell 60, , as pump output voltage V.

A gate voltage signal V4, is present at the gate electrode
of charge-transfer FET P, in each cell 60,. For each odd
value of i, gate voltage Vs, is synchronized to clock voltage
V cxp- Gate voltage V5, for each even value of i is synchro-
nized to clock voltage V x .

With particular reference to FIG. 75, the following con-
nections apply to each charge-transfer FET P, except FET
P;,... For each odd value of i different from n+1, primary
capacitor C, is connected between the second S/D region of
FET P and the source of clock voltage V . For each even
value of i different from n+1, primary capacitor C,, is
connected between the second S/D region of FET P, and the
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source of clock voltage Vi ». The gate electrode of each
FET P is connected to its second S/D region. Except for
FET Py, and thus except for i equal to n+1, each capacitor
C; is thereby connected between the interconnected gate
electrode and second S/D region of FET P, on one hand,
and (i) the V o, source when i is an odd number or (ii) the
V cx p source when i is an even number, on the other hand.
Likewise, each gate voltage V 5, except for gate voltage Vhd
Gn+1 thereby equals cell output voltage V,,, in the two-
phase charge pump of FIG. 7.

As to output charge-transfer FET P, , |, additional capaci-
tor Cg,,,, is connected between the gate electrode of FET
P and (i) the V. source if n is an even number or (ii) the
V & p source if n is an odd number. FIG. 7a illustrates the
example in which n is even. Importantly, the gate electrode
of FET P, ., is electrically decoupled from its second S/D
region. Gate voltage V,,,; and pump output voltage Vo (or
V puey) are thus separate signals.

The first and second S/D regions of first side FET Pg; in
each cell 60, are respectively connected to the first S/D and
body regions of that cell’s charge-transfer FET P . The first
and second S/D regions of second side FET P, in each cell
60, are similarly respectively connected to the second S/D
and body regions of that cell’s charge-transfer FET P;. The
body region of charge-transfer FET P, in each cell 60,
receives body voltage signal Vg, present at the intercon-
nected second S/D regions (drains) of that cell’s side FETs
P, and P,,,. The body regions of sides FETs P, and P,, in
each cell 60, are also respectively connected to their second
S/D regions to receive body voltage V,.

The gate electrodes of side FETs Py, and P, in each cell
60, are, in accordance with the invention, connected differ-
ently in first cell 60, and output cell 60, ,, than in each cell
60, between cells 60, and 60, ,. In particular, the gate
electrode of second side FET P, in first cell 60, is con-
nected to the V. » source to receive clock voltage V o« p.
The gate electrode of second side FET P, in each cell 60,
except cell 60, is connected to the first S/D region of that
cell’s charge-transfer FET P to receive cell input voltage
Vp,_;- Inasmuch as the P, first S/D region is connected to
the first S/D region (source) of first side FET P, the gate
electrode of second side FET P,,, in each cell 60, except cell
60, is also connected to the P, first S/D region.

The gate electrode of first side FET P, in each cell 60,
except output cell 60,,, is connected to the second S/D
region of that cell’s charge-transfer FET P to receive cell
output voltage V. Since the P, second S/D region is
connected to the first S/D region (source) of second side FET
P,,,, the gate electrode of first side FET P, in each cell 60,
except cell 60,,, , is also connected to the P, first S/D region.

The gate electrode of first side FET Py,,,, in output cell
60 of the two-phase charge pump of FIG. 7 can be
connected in either of two ways in accordance with the
invention. The P, | gate electrode is typically connected to
the second S/D region of charge-transfer FET P,_; in cell
60, _,, i.e., two cells earlier, to receive output voltage V|
from cell 60,_,. Accordingly, primary capacitor C,_, is
coupled between the Py, ,, gate electrode and (i) the source
of clock voltage V . if n is an even number or (ii) the
source of clock voltage Vi  if n is an odd number.
Alternatively, the P, ,, gate electrode can be connected to
the P, gate electrode, as indicated by dotted line in FIG.
7a, to receive gate voltage Vs, , ;. In that event, additional
capacitor C,,, is coupled between the Py, , gate electrode
and (i) the source of clock voltage V xp if n is an even
number or (ii) the source of clock voltage V » if n is an
odd number. Once again, FIG. 7a depicts the example in
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which n is even. Hence, the Pg,,,, gate electrode is coupled
through either capacitor C,,_; or capacitor Cg,,; to the
V., source in the example of FIG. 7a.

During pumping operation, clock voltages V r, and
Vox p Vary in a periodic manner, i.e., at a selected clock
frequency, between low supply voltage Vo and high supply
voltage V,, or a high voltage close to V.. The clock
frequency is 10-25 MHz, typically 20 MHz. As shown in
FIG. 8, the V. and V. , waveforms are roughly sinu-
soidal during pumping operation. However, clock voltages
V __ and V& » can be reasonably approximated with gen-
erally rectangular waveforms as indicated respectively by
items 68 and 70 in FIG. 8.

Each pump stage 62, for i varying from 1 to n contributes
a stage voltage gain AV, to pump output voltage V. An
understanding of how each stage 62, operates in generating
its stage gain AV, is facilitated with the assistance of FIG.
9 which depicts idealized waveforms for cell output voltage
Vs cell input voltage V,,_;, and body voltage Vg, using
rectangular waveform approximations for clock voltages
V. and V ex » Referring again particularly to FIG. 75, the
Vs Vpii, and Vg, waveforms shown in FIG. 9 apply
specifically to a stage 62, whose cell 60, is situated between
first cell 60, and output cell 60,,, . Subject to the comments
made below in connection with FIG. 10a, first stage 62,
operates the same as each other stage 62,.

The V,, Vp,_;, and Vg, waveforms of FIG. 9 all apply to
an odd-numbered stage 62,, i.e., a stage 62, whose capacitive
element C, receives clock voltage V . FIG. 74 illustrates
this situation. Times t;, t,, t;, and t, in FIG. 9 occur
progressively later. At time t,, clock voltage V - is high (at
Vo), and clock voltage Vi » is low (at V). Charge-
transfer FET P, and first side FET Py, in cell 60, of such an
odd-numbered stage 62, are turned off. Second side FET P,
is turned on.

The conditions in adjoining cells 60,_, and 60,,, at time t,
are reversed from those in cell 60,. That is, charge-transfer
FETs P,;_, and P, and first side FETs P, , and Pg,,, are
turned on while second side FETs P,,,_, and P,,,, are turned
off. Output voltage V,, of cell 60, is at a value between a
high value V,, and a slightly lower value V ;. Although
not shown in FIG. 9, output voltage V,,,, of next cell 60,,,
is considerably less than voltage V,, at time t,. Because
charge-transfer FETs P, and P, are respectively off and
on, positive charge is transferred from capacitor C, through
FET P, to capacitor C,, ,. This causes output voltage V
of cell 60, to drop relatively gradually during the interval in
which clock voltage V 4 is high.

At time t,;, input voltage V, ; to cell 60, is at a value
between a low value V5, ; and a slightly higher value
V pxi_1 - Although not shown in FIG. 9, input voltage V,,,_,
to previous cell 60,_, is considerably greater than voltage
V,., at time t;. Since charge-transfer FETs Py, and P5_, are
respectrvely off and on, positive charge is transferred from
capacitor C,_, through FET P;_, to capacitor C,_, to raise
voltage V,,_; relatively gradually. Body voltage V5, equals
output voltage V,, of cell 60, at time t,; since side FETs P,
and Py, are respectively on and off. Body voltage V, is
thereby at a value between V,_, and V4 and is dropping
relatively gradually.

Cell output voltage V,, and body voltage V, momen-
tarily both reach V; at time t, while cell input voltage
V., simultaneously momentarily reaches V,,,, ,. Attimet,,
clock voltage V - transitions (relatively) rapidly from V
down to Vg as clock voltage V. » makes a rapid opposite
transition from Vs up to V5. In response to the V -z drop
of V,p—Vs, capacitor C, causes cell output voltage V,, to
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rapidly drop approximately the same amount to a low value
V 5z Charge-transfer FET P, and first side FET P, turn on.
Second side FET P, turns off.

In complementary response to the V . prise of V5=V,
capacitor C,_, causes cell input voltage V,,_, to rapidly rise
approximately the same amount to a high value V,, ,
considerably greater than V ;. Value V, ;| is less than
Vpns the value that cell output voltage V,,, momentarily
reached just before its rapid transition downward. Capacitor
C;,; simultaneously causes output voltage V,,,; of next
cell 60,, , to rapidly rise approximately V-V to a high
value considerably greater than V ,,;,. Charge-transfer FETs
P,_, and P, and first side FETs Py, ,, and P, turn off.
Second side FETs P, ; and P,,,, turn on.

With charge-transfer FET P, turned on while charge-
transfer FETs P,_, and P, , are turned off, positive charge
is transferred from capacitor C,_, through FET P, to
capacitor C,. This causes cell output voltage V ,, to increase
relatively gradually and cell input voltage V,,_; to decrease
relatively gradually. Output voltage V,,,, from next cell
60  likewise decreases relatively gradually. Because side
FETs P, and P, are respectively on and off, body voltage
Vi, now equals cell input voltage V,, ;. Body voltage Vg,
thus rapidly switches from V,;; down to V., at time t,.

Cell output voltage V ,,, momentarily reaches a value V5,
slightly higher than V5, at time t, while cell input voltage
Vpio; and body voltage Vg, simultaneously momentarily
both reach a value V5, slightly lower than V,,_,. Value
Vs 18 less than V5, . Clock voltage V. transitions
rapidly from Vg up to V,, at time t; as clock voltage
V & » makes a rapid opposite transition from V,,, down to
Vs Inresponse to the V o rise of V-V ¢, capacitor C,
causes cell output voltage V,, to rapidly rise approximately
the same amount to V,_,. Charge-transfer FET P, and first
side FET Py, turn back off. Second side FET P, turns back
on.

Complementarily responsive to the Vo » drop of V5~
Vs capacitor C, , causes cell input voltage V,,_, to
rapidly drop approximately the same amount to V5, ;. As
indicated in FIG. 9, value V,;; , is considerably less than
V - Capacitor C,, | simultaneously causes output voltage
Vi, of next cell 60,,, to rapidly drop approximately
V_,~Vsstoalow level consrderably less than V. Charge-
transfer FETs P,_, and P, and first side FETs P, ; and
P_  turn back on. Second side FETs P, ; and P,,,, turn

Si+ 1

back off.

The combination of the P off condition and the P, , on
condition enables positive charge to be transferred from
capacitor C, through charge-transfer FET P, | to capacitor
Ceyy- Cell output voltage Vj,, thereby drops relatively
gradually. With charge-transfer FETs P, and P, respec-
tively turned off and on, positive charge is transferred from
capacitor C,_, through FET P,;_, to capacitor C,_, to raise
cell input voltage V,,_, relatrvely gradually. Output voltage
V iy of next cell 60, , likewise increases relatively gradu-
ally. Since side FETs P, and P are respectively on and off,
body voltage Vg, equals cell output voltage V ,, at time t;. As
aresult, body voltage V, rapidly switches from V,;; , upto
VDZZ"

At time t,, voltages V,, V5, and V, are respectively
at substantially the same values as at time t,. The interval
from time t; to time t, is thus one cycle, or period, of the
charge-pumping operation. The clock frequency is suffi-
ciently great that (a) charge-transfer FET P and first side
FET Pg, are turned on substantially the entire time that clock
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voltage V ~x» is low and (b) second side FET P, is turned
on substantially the entire time that clock voltage V - is
high.

Importantly, body voltage Vz, equals cell input voltage
V., at the first S/D region (source) of charge-transfer FET
P, whenever it is turned on. Consequently, each charge-
transfer FET P, effectively has substantially the same zero
back-bias threshold voltage V ,, as each other FET P,. Body
voltage V, equals cell output voltage V ,, whenever FET P,
is turned off. This prevents body voltage V, from electri-
cally floating.

Stage voltage gain AV, can be defined as the difference
between the average value of cell output voltage V,, and the
average value of cell input voltage V,,_;. As shown in FIG.
9, voltages V,; and V,,_, have substantially identical wave-
forms displaced in magnitude and displaced in time by half
a clock period. Consequently, stage voltage gain AV, is the
difference between voltages V,, and V,,_; at two identical
locations, e.g., the maximum voltage points, on the V,, and
V i, waveforms.

To a first approximation, stage voltage gain AV, equals
Vpp=Vss—IV pl. Since zero back-bias threshold voltage V
is substantially the same for each charge-transfer FET P,
stage voltage gain AV, is the same for each pump stage 62,.
Pump output voltage V. thus increases linearly as the
number n of stages 62,-62,, increases. The charge pump of
FIG. 7 operates very efficiently.

First charge-transfer cell 60, and output charge-transfer
cell 60,, avoid bipolar action which can readily occur in
corresponding cells 20,, and 20, ,, of Shin’s charge pump
and which can severely degrade the performance of Shin’s
pump. Analogous to FIG. 6a for first cell 20, of Shin’s
pump, FIG. 10a cross-sectionally illustrates a typical imple-
mentation of first cell 60, for assistance in understanding
why it avoids undesired bipolar action. Referring to FIG.
10qa, the charge pump of FIG. 7 is created from a lightly
doped p-type monocrystalline silicon semiconductor sub-
strate 72. A moderately doped n-type well 74 is provided in
p-substrate 72 for first cell 601.

Six heavily doped p-type regions, including p+ regions 76
and 78, are provided in n well 74 along its upper surface and
variously serve as the S/D regions for charge-transfer FET
PT, and side FETs P, and P,,,. P+ region 76 is the P, first
S/D region (source). P+ region 78 is the P, second S/D
region (drain) and is electrically connected to well 74 by
way of a heavily doped n-type contact region 80 provided in
well 74. P-substrate 72, n well 74, and p+ region 76
respectively serve as the collector, base, and emitter of a
parasitic pnp bipolar transistor 82 having parasitic collector
resistance 84 and parasitic base resistance 86.

Item 88 in FIG. 10q is the P, gate electrode. Unlike
Shin’s charge pump in which gate electrode 38 of drain-side
FET Qp, in first cell 20, receives substantially constant high
supply voltage V., gate electrode 88 of second side FET
Q,, receives clock voltage V o » in first cell 60, of the charge
pump of FIG. 7.

When clock voltage V x» goes high at time t; to raise
output voltage V,; of cell 60, in the charge pump of FIG. 7
so0 as to turn off charge-transfer FET P, and first side FET
Py, and to simultaneously turn on second side FET P,
clock voltage V.- - applied to P,,, gate electrode 88 simul-
taneously goes low rather than remaining at a constant value
as occurs with voltage V,, applied to Q,, gate electrode 38
in first cell 20, of Shin’s pump. For the same value of
power-supply voltage range V-V, the voltage differ-
ence between gate electrode 88 and first S/D region 76 of
second side FET P,,, immediately after time t; in the pump
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of FIG. 7 is thus considerably greater than the voltage
difference between gate electrode 38 and source 26 of
drain-side FET Qp, at the corresponding time that clock
voltage V .~z goes high in Shin’s pump.

Even though the voltage difference between gate elec-
trode 88 and first S/D region 76 of second side FET P, in
first cell 60, of the charge pump of FIG. 7 progressively
decreases during the interval in which clock voltage V -z is
high due to the gradual reduction in output voltage V,,; of
cell 60, resulting from the transfer of charge through charge-
transfer FET P, in second cell 60,, the minimum value of
the voltage difference between gate electrode 88 and first
S/D region 76 of FET P, during the V -z high interval is
considerably greater than the minimum value of the voltage
difference between gate electrode 38 and source 26 of
drain-side FET Qj, in Shin’s charge pump during the
interval in which clock voltage V . is high. This consider-
ably greater minimum voltage difference ensures that second
side FET P, in first cell 60, of the pump of FIG. 7 is turned
on strongly during the entire interval that clock voltage
V., 1s high.

With the connection of P, gate electrode 88 to the
V & » source ensuring that second side FET P,,, is strongly
conductive during the entire V., high interval, P, first
S/D region 76 is simultaneously electrically connected to n
well 74 by way of a highly conductive electrical path
through the P,,, channel region, P, second S/D region 78,
and n+ contact region 80. This enables body voltage V5, at
the base of pnp transistor 82 to substantially equal cell input
voltage V,,, at its emitter 76. Since the base-to-emitter
voltage of transistor 82 is thus substantially zero, transistor
82 is turned off during the entire interval that clock voltage
V oxp 1s high. Transistor 82 does not turn on at any other
time, e.g., when clock voltage V x5 is low, during normal
pumping operation. Consequently, first cell 60, avoids
undesired bipolar action that could degrade its stage voltage
gain and performance.

Analogous to FIG. 65 for output cell 20,,, of Shin’s
charge pump, FIG. 105 cross-sectionally illustrates a typical
implementation of output cell 60, , for assistance in under-
standing why it likewise avoids undesired bipolar action. As
with FIG. 7a, FIG. 105 illustrates the situation in which n is
an even number so that clock voltage V. » is provided to
capacitor C_,,. Referring to FIG. 106, p-substrate 72 is
provided with a further moderately doped n-type well 90 for
output cell 60,,, ;.

Six heavily doped p-type regions, including p+ regions 92
and 94, are provided in n well 90 along its upper surface to
variously serve as the S/D regions for charge-transfer FET
P,,., and side FETs Pg,,,, and P,,,,,. P+ region 92 is the
p_ . first S/D region (source). P+ region 94 is the Pg,,,
second S/D region (drain) and is electrically connected to n
well 90 by way of a heavily doped n-type contact region 96
provided in well 90 along its upper surface. P-substrate 72,
n well 90, and p+ region 92 respectively constitute the
collector, base, and emitter of a parasitic pnp bipolar tran-
sistor 98 having parasitic collector resistance 100 and para-
sitic base resistance 102.

Ttems 104, 106, and 108 in FIG. 105 respectively are the
Ppsis Prey and P, | gate electrodes. Unlike Shin’s charge
pump in which gate electrode 58 of source-side FET Q,,,,
in output cell 20,,,, receives largely constant pump output
voltage V., gate electrode 108 of first side FET Pg,,, in
output cell 60, , , of the charge pump of FIG. 7 is coupled to
the V xp» source by way of capacitor C,_, or capacitor
Cg,..1- In either case, the voltage at Pg,,,, gate electrode 108

¥4

varies with clock voltage V . When clock voltage V. »
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goes high at time t, to raise input voltage V,, to output cell
60, , in the charge pump of FIG. 7 so as to turn off second
side FET P,,,, and to simultaneously turn on charge-
transfer FET P, ,, and first side FET Pg,,,, clock voltage
V., goes low to reduce the voltage at Py, gate electrode
108 instead of remaining approximately constant as occurs
with pump output voltage V. applied to Qg,,, gate elec-
trode 58 in output cell 20,,,, of Shin’s pump. For the same
value of power-supply voltage range V,,,—V g, the voltage
difference between gate electrode 108 and first S/D region
92 of first side FET Pg,,,, immediately after time t, in the
pump of FIG. 7 is thus considerably greater than the voltage
difference between gate electrode 58 and source 42 of
source-side FET Q,,,, at the corresponding time in Shin’s
pump.

Although the voltage difference between gate electrode
108 and first S/D region 92 of FET Pg,,,, in output cell 60,,,
of the charge pump of FIG. 7 progressively decreases during
the interval in which clock voltage V . » is high due to the
gradual reduction in input voltage V,, of cell 60,,, , resulting
from the transfer of charge through charge-transfer FET
P,. 1, the minimum value of the voltage difference between
gate electrode 108 and first S/D region 92 of FET P, ,,
during the V. » high interval is considerably greater than
the minimum value of the voltage difference between gate
electrode 58 and source 42 of source-side FET Q,,, , during
the corresponding interval in Shin’s charge pump. Due to
this increased minimum gate-to-source voltage difference,
first side FET Py, , in output cell 60,,, ; of the pump of FIG.
7 stays on strongly during the entire interval that clock
voltage V. » is high.

With the coupling of P, , gate electrode 108 to the V .
source by way of capacitor C,,_; or C,,, ensuring that first
side FET Py, in output cell 60, ,, of the charge pump of
FIG. 7 is strongly conductive during the entire V. , high
interval, P, first S/D region 92 is simultaneously electri-
cally connected to n well 90 by way of a highly conductive
electrical path through the Pg,,,, channel region, Pg,,, sec-
ond S/D region 94, and n+ contact region 96. This enables
body voltage V., at the base of pnp transistor 98 to
substantially equal cell input voltage V,,, at its emitter 92.
Since the base-to-emitter voltage of parasitic transistor 98 is
therefore substantially zero, transistor 98 is turned off during
the entire interval that clock voltage V - 5 is high. Transistor
98 does not turn on at any other time, e.g., when clock
voltage Vg p is low, during normal pumping operation.
Hence, output cell 60, , avoids undesired bipolar action that
could otherwise substantially degrade the overall charge-
pump voltage gain.

FIG. 11 illustrates an n-stage two-phase negative charge
pump in accordance with the invention. Operating from a
power supply that furnishes supply voltages V,, and Vg,
the charge pump of FIG. 11 consists of n+1 charge-transfer
cells 110,, 110,, . . . 110,_,, 110, and 110,,,, arranged in
series, primary pump capacitive elements C.,-C, respec-
tively corresponding to charge-transfer cells 110,-110,,
additional capacitive element Cg,,,,, an output capacitive
element C,,, and sources (not separately shown) of a first
clock voltage signal V - and a second clock voltage signal
V cx » largely inverse to first clock voltage V - Integer n
is again at least 3. Each charge-transfer cell 110, and corre-
sponding primary capacitor C., form a stage 112, of the
charge pump where i here varies from 1 to n.

Pump input voltage V,,, at a value largely equal to low
supply voltage V is provided on an input electrical con-
ductor 114 to first cell 110, in first stage 112,. Similar to the
charge pump of FIG. 7, nth stage 112,, that contains nth cell
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110,, is the last stage while (n+1)th cell 110,,,, is an output
cell connected to an output electrical conductor 116 on
which a pump output voltage signal V,,; is supplied at an
approximately constant value less than V. Output capaci-
tor Cy,, is connected between output conductor 116 and the
V45 supply for reducing ripple in pump output voltage V-

Charge-transfer cells 110,-110,,, are formed with
enhancement-mode n-channel insulated-gate FETs config-
ured as described above for the p-channel FETs in the charge
pump of FIG. 7 except that the conductivity types are
reversed. Each cell 110, for i varying from 1 to n+1 consists
of a charge-transfer FET N, a first side FET N, and a
second side FET N, respectively corresponding to charge-
transfer FET P, first side FET Pg,, and second side FET P,,,
of'each cell 60, in the pump of FIG. 7. Charge-transfer FETs
Nz4-Ny,,, are substantially identical. First side FETs N_-
Ny, are substantially identical. Second side FETs N -
Np,..; are substantially identical.

FETs N;-N4,.,, Ng,-Ng,.,, and N,,-N,,,,,, are intercon-
nected with one another and with capacitors C,-C,, and
C,,, in the same manner as described above for correspond-
ing FETs P7,-P,., P -Ps,.1, and Py, -Pp,,.. in the charge
pump of FIG. 7. Cell output voltages V-V, ,;, gate
voltages V;,-V,.1, and body voltages Vz -V, are
present at the same respective locations on FETs N, -N,. 1,
Ns;-Ngya1, and Np -Np,,,; as on FETs Py -Py, ), Py Py
and Pp,-Pp,,. 1. The V gy and Vi  sources are connected
to capacitors C.,-C, and C,,, in the same respective
ways as the V. and V o » sources.

The connection of the gate electrode of second side FET
N, in first cell 110, differs, in accordance with the inven-
tion, from the connection of the gate electrode of second side
FET N, in each other cell 110, in the same manner that the
connection of the P, gate electrode differs from the con-
nection for each other P, gate electrode in the charge pump
of FIG. 7. That is, the N, gate electrode is connected to the
V cx ~ source. The connection of the gate electrode of first
side FET Ng,,,, in output cell 110,,,, likewise differs, in
accordance with the invention, from the connection of the
gate electrode of first side FET N, in each other cell 110, in
the same manner that the connection of the P,,, gate
electrode differs from the connection of each other P, gate
electrode in the pump of FIG. 7. Hence, the N, ,, gate
electrode is typically connected to the second S/D region of
charge-transfer FET N,,_, in cell 110,,_, to receive output
voltage V,, , from cell 110, _, but can alternatively be
connected to the gate electrode of charge-transfer FET N,
in cell 110, ,, to receive gate voltage V,,, ;.

Subject to reversing all the voltage polarities, the charge
pump of FIG. 11 operates in the same manner as the charge
pump of FIG. 7. Consequently, the pump of FIG. 11 avoids
undesired bipolar action in first charge-transfer cell 110, and
output charge-transfer cell 110,,, in the same way that
undesired bipolar action is avoided in corresponding cells
60 and 60,,,, of the pump of FIG. 7.

FIGS. 12a and 125 (collectively “FIG. 12”) illustrate an
extension of the two-phase charge pump of FIG. 7 to an
n-stage four-phase positive charge pump in accordance with
the invention for achieving further improved performance.
Beginning and end portions of the four-phase positive
charge pump are depicted in FIG. 124. An intermediate
pump portion is depicted in FIG. 125. As in the pump of
FIG. 7, the charge pump of FIG. 12 operates from power
supplies that provide high supply voltage V,, and low
supply voltage V..

The charge pump of FIG. 12 consists of n+1 charge-
transfer cells 120,, 120,, . . . 120 120,, and 120,,,,

n—13
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arranged in series, n primary pump capacitive elements Cp,,
Cpss - - . Cp,_;, and Cj,, respectively corresponding to
charge-transfer cells 120,-120,, n further pump capacitive
elements Cg;, . . . Cg,_;, and Cg, similarly respectively
corresponding to cells 120,-120,, further (or additional)
capacitive element Cg,,,, for cell 120, ,,, output capacitive
element C,,, and sources (not separately shown) of a first
clock voltage signal V., a second clock voltage signal
V..., largely inverse to first clock voltage V xp,, a third
clock voltage signal V x5 partially in phase with first clock
voltage V zp;, and a fourth clock voltage signal V zp,
partially in phase with second clock voltage V -zp,. Each
charge-transfer cell 120,, primary capacitor Cp,,, and further
capacitor C, form a stage 122, of the charge pump where i
varies from 1 to n.

Each charge-transfer cell 120, consists of charge-transfer
FET Py, first side FET Py, second side FET P, a voltage-
equalization FET P, and a diode-configured FET P, where
ivaries from 1 to n+1. As with FETs P, P, and P, FETs
Py, and P, are enhancement-mode p-channel insulated-gate
devices. Voltage-equalization FETs P, -P., ., are substan-
tially identical. Diode-configured FETs Pg,-Pg,,,, are sub-
stantially identical.

The connections of FETs Pr-Pg,,;, Ps-Pg,,;, and P -
Pp,..; are, except as described below, the same in the charge
pump of FIG. 12 as in the charge pump of FIG. 7. Different
from charge-transfer FET P in cell 60, of each stage 62, in
the pump of FIG. 7, the gate electrode of FET P, in cell 120,
of'each pump stage 122, for i now varying from 1 to n is not
connected directly to the P, second S/D region. Instead, the
second S/D region and gate electrode of charge-transter FET
P, are respectively connected to the first and second S/D
regions (respectively source and drain) of voltage-equaliza-
tion FET P, whose gate electrode is connected to the P, first
S/D region. This applies to integer i varying from 1 to n and
to integer 1 equal to n+1, i.e., to stage cells 120,- 120, and
to output cell 120, ,,.

Also, the P, gate electrode is connected to the first S/D
region (source) of diode-configured FET Py,. The P, second
S/D region is connected to the gate electrode and second S/D
region (drain) of FET Py, so that FET P, is in a diode
configuration. Each diode-configured FET Pg, is thus a
rectifier. The body regions of FETs P, and P, are com-
monly connected to the interconnected second S/D regions
of FETs Py, and P, to receive body voltage V. The
connections made with FETs P, and Py, apply to integer i
varying from 1 to n+1, i.e., to output cell 120, , as well as
each of stage cells 120,-120,,.

Each charge-transfer FET P, except for FET P, ; has the
following additional connections in the charge pump of FIG.
12. Especially see FIG. 125. For each odd value of i different
from n+1, primary capacitor Cj,, is connected between the
P_second S/D region and the Vgp; source while further
capacitor C, is connected between the P, gate electrode
and the V 5 source. For each even value of i different from
n+l, primary capacitor C,, is connected between the P
second S/D region and the V rp, source while further
capacitor C, is connected between the P, gate electrode
and the V .z, source. Since the gate electrode and second
S/D region of each FET P, are not directly connected
together, gate voltage V ;, and cell output voltage V ,, of cell
120, in each stage 122, are separate signals.

With respect to charge-transfer FET P, ., in output cell
120,,,,, further capacitor Cg,,,, is connected between the
P gate electrode and (i) the V g p; source if n is an even
number or (ii) the V ogp, source if n is an odd number. Note
that this connection for capacitor C,,,, differs from that of
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the charge pump of FIG. 7. FIG. 12aq illustrates the example
in which n is even. Gate voltage V,,,, and pump output
voltage V, (or V) are again separate signals.

The gate electrode of second side FET P, in first cell
120 is connected to the V g, source to receive clock
voltage V xp,. Analogous to the first-mentioned embodi-
ment of the charge pump of FIG. 7, the gate electrode of first
side FET P, ,, in output cell 120,,,, is connected to the
second S/D region of charge-transfer FET P, in cell
120 (two cells earlier) to receive output voltage V,, |
from cell 120,_,. The remaining transistor/capacitor con-
nections in the charge pump of FIG. 12 are the same as in
the pump of FIG. 7.

Clock voltages V zp;—V cxps Vary in a periodic manner
between low supply voltage V ;¢ and a high voltage equal, or
very close, to high supply voltage V. FIG. 13 presents
idealized waveforms for the time variations of clock volt-
ages V zp =V cxps between Vg and V5. In light of how
clock voltages V zp; and V xp, are applied to capacitors
Cp1-Cp,,, voltages V oz, and V ., basically respectively
correspond to clock voltages V oxp and V - p utilized in the
charge pump of FIG. 7.

Clock voltages V zp; and V xp5 form a clock-signal pair
employed mainly in controlling odd-numbered pump stages
122,122, and so on. In FIG. 125, the pump stage labeled
“122,” is such an odd-numbered stage. Clock voltages
V., a0d V yp, form a clock-signal pair employed in con-
trolling even-numbered pump stages 122,, 122, and so on.
The pump stages labeled “122, ,” and “122,,,” in FIG. 125
are even-numbered stages.

As indicated in FIG. 13, clock voltage V zp; is at Vo
during pumping operation only when clock voltage V x5, is
at Vo and, in particular, during only part of each time
interval that voltage V -5, is at V ¢ Similarly, clock voltage
V cxp4 18 at V oo during pumping operation only when clock
voltage V xp, 15 at Vg and, in particular, during only part
of each time interval that voltage V zp, is at V. In
complementary fashion, clock voltage V rp, is at V,
during pumping operation only during part of each time
interval that clock voltage V x5 is at V5. Clock voltage
V o, 18 similarly at V,, during pumping operation only
during part of each time interval that clock voltage V ~zp, is
a Vpp.

More particularly, clock voltage V -z, makes a high-to-
low transition followed sequentially by a high-to-low V x5
transition, a low-to-high V -5, transition, and a low-to-high
V cxp; transition. Clock voltage V -z p5 thus transitions from
Vppto Vgeand back to Vi, between (a) when clock voltage
V cxpy transitions from Vi, to Vg and (b) when voltage
V., immediately thereafter transitions back to V. Simi-
larly, clock voltage V ~zp, makes a high-to-low transition
followed sequentially by a high-to-low V xp, transition, a
low-to-high V zp, transition, and a low-to-high V zp,
transition. Accordingly, clock voltage V gp, transitions
from V,, to Vs and back to V,, between (a) when clock
voltage V xp, transitions from V,, to Vg and (b) when
voltage V xp, immediately thereafter transitions back to
Vb

Utilizing the clock waveforms of FIG. 13 and with the
voltage waveforms of FIG. 9 and the associated comments
about the charge pump of FIG. 7 in mind, each pump stage
122, for i varying from 1 to n operates as follows in
generating its stage voltage gain AV,,. Clock voltages
V oo @304 V cgp; control first side FETs Pg;-Pg,, and second
side FETs P,,-P,,,.; through capacitors Cp,;-C,,,, in basi-
cally the same manner that clock voltages V .zp and Vo »
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control FETs Pg,-P, and P,,-P,,.; through capacitors
C_-Cg, in the pump of FIG. 7.

Consider the example of FIG. 126 in which pump stage
122 is an odd-numbered stage whose primary capacitor C,
is connected to the source of clock voltage V zp, corre-
sponding to clock voltage V .z in the pump of FIG. 7. First
side FET P, and second side FET P, in cell 120, of that
stage 122, are respectively turned off and on when clock
voltage V .5, is high. Body voltage V5, thereby equals cell
output voltage V,, during V x5, high intervals. This pre-
vents body voltage V5, from electrically floating during
times intervals in which side FETs Pg; and P, are respec-
tively off and on. Undesired bipolar action is thus avoided
during such time intervals.

When clock voltage V -r», is low, first side FET P, and
second side FET P,,, in cell 120, of pump stage 122, in FIG.
125 are respectively turned on and off so that body voltage
Vg, equals cell input voltage V,,_,. Charge-transfer FET P
in each stage 122, (regardless of whether it is an odd-
numbered or even-numbered stage) is turned on substan-
tially only when that stage’s first side FET P, is turned on.
Body voltage V, in each stage 122, therefore equals voltage
Vp,_; at the first /D region of that stage’s charge-transfer
FET P, when it is turned on. This enables each charge-
transfer FET P, to have largely the same zero back-bias
threshold voltage V ,, as each other FET P;.

Cell input voltage V,_; to cell 120, of each stage 122,
exceeds cell output voltage V,,, when that stage’s first side
FET Pg; is turned on. As discussed below, charge-transfer
FET P, in each stage 122, is actually turned on only during
part of each time interval in which that stage’s first side FET
Psi is turned on. Inasmuch as body voltage V; of each cell
120, in each stage 122, equals cell input voltage V,,_; during
each interval in which first side FET P, is turned on and thus
during each interval portion in which first side FET Py, is
turned on but charge-transfer FET P, is turned off, body
voltage Vg, in each stage 122, is prevented from reaching a
voltage level that could cause undesired bipolar action
during each interval portion in which FET Py, is turned on
but FET P, is turned off.

The connection of the P, gate electrode to the V zps
source, corresponding to connection of the P,,, gate elec-
trode to the V. » source in the charge pump of FIG. 7,
avoids undesired bipolar action in first charge-transfer cell
120 of the charge pump of FIG. 12 for the reasons, presented
above in connection with FIG. 10q, that undesired bipolar
action is avoided in first charge-transfer cell 60, of the pump
of FIG. 7 subject to changing complementary clock voltages
Vexp and V. , respectively to complementary clock volt-
ages Vzp; and V xp, in the explanation of FIG. 10qa. The
connection of the Pg,,,, gate electrode to the P, ; second
S/D region coupled through capacitor C,,_; to the V zp,
source, corresponding to the connection of the Pg,,, gate
electrode to the P, ; second S/D region coupled through
capacitor C,,_; to the V - source in the pump of FIG. 7,
avoids undesired bipolar action in output charge-transfer cell
120,,,, of the pump of FIG. 12 for the reasons, presented
above in connection with FIG. 1054, that undesired bipolar
action is avoided in output charge-transfer cell 60,,, , of the
pump of FIG. 7 for the situation in which the Pg,,,, gate
electrode is thereby coupled through capacitor C,,_; to the
V cxp source subject to changing voltages V p and V. »
respectively to voltages V ., and V -, in the explanation
of FIG. 105 and also subject to changing capacitor C,,_, to
capacitor Cp,, , in that explanation The pump of FIG. 12
thereby undesired bipolar action during the entire pumping
operation.
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Returning again to the example of FIG. 126 in which
illustrated stage 120 is an odd-numbered stage whose
capacitors C,, and C; respectively receive clock voltages
V oo 304 V cgps, charge-transfer FET Py is turned off sub-
stantially only when first side FET Py, is turned off because
voltage V xp, is high when voltage V x5 is high. More
particularly, charge-transfer FET P, is turned off during
only part of each interval in which first side FET Py, is turned
off because clock voltage V ., is high during only part of
each interval that clock voltage V x5 is high. See FIG. 13
in which times t, tz, t., tp, tz, 17 1z and t; occur progres-
sively later.

With reference to FIGS. 124 and 13, consider the situation
at time t, when clock voltage V .z, is high shortly after
clock voltage V ~xp, goes high so that clock V x5 is also
high. Even though clock voltage V .z, is low at time t,
charge-transfer FETs P,_, and Py, are off because clock
voltage V ~zp, is high. With charge-transfer FET P and first
side FET Pg; also being off because respective clock voltages
Vexps and Vgp, are high at time t,, cell input voltage
V., at the Py, gate electrode is sufficiently less than cell
output voltage V,, at the P, first S/D region (source) that
voltage-equalization FET P, is turned on. Second side FET
P, is turned on. Body voltage Vg, thus equals cell output
voltage V, at time t,.

Gate voltage V 5, at the Py, first S/D region (source) is less
than cell output voltage V,, at the interconnected gate
electrode and second S/D region (drain) of diode-configured
FET Py, attime t,. Consequently FET Py, is turned off. Since
gate voltage V ;, is also present at the P, second S/D region
(drain), positive charge is transferred from the lower plate of
capacitor Cp, through voltage-equalization FET P, to the
lower plate of capacitor C, to reduce the voltage difference
between voltages Vs, and V,,. Gate voltage Vg, preferably
becomes largely equal to cell output voltage V,, before
clock voltage V -5, later goes low. In other words, voltage-
equalization FET P, reduces the difference between, and
preferably substantially equalizes, the voltages at the gate
electrode and second S/D region of charge-transfer FET P
when it is turned off.

Clock voltage V oz, transitions low at time t; when clock
voltages V p; and Vg, are both still high. Charge-
transfer FETs P,_, and P4, both turn on. Charge-transfer
FET P and first side FET Pg, remain off. Second side FET
P, remains on.

With clock voltage V ., being low at time tz, positive
charge is transferred through charge-transfer FET P, _; to
capacitor Cp,,_, to raise cell input voltage V,,_; somewhat as
voltage V,,_, drops in a corresponding manner. Body volt-
age Vg, continues to equal cell output voltage V ,,,. Positive
charge is also transferred from capacitor C,, through charge-
transfer FET P, to reduce cell output voltage V,,; some-
what as voltage V,,, | similarly rises somewhat. This causes
body voltage Vg, to drop relatively gradually. Although
voltages V,_; and V,, approach each other, cell input
voltage V,,_; continues to be sufficiently below cell output
voltage V, that voltage-equalization FET P, remains on
while diode-configured FET P, remains off. If voltage-
equalization FET P, has not yet equalized gate voltage Vs,
and cell output voltage V,, FET P, continues to reduce the
voltage difference between voltage V, and then lower
voltage V..

At time t, clock voltage V ., goes back high while
clock voltages V zp; and V 5 are again still both high.
Charge-transfer FETs P,;_, and P, , turn back off. Charge-
transfer FET P, and diode-configured FET P, remain off.
Voltage-equalization FET P, remains on and continues, as
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necessary, to reduce the difference between gate voltage V5,
and cell output voltage V. Side FETs P, and P, respec-
tively remain off and on.

Clock voltage V x5, goes low at time t,, as clock voltage
V cxp, simultaneously goes high. Cell output voltage V,,
rapidly drops approximately V,,-Vg. Cell input voltage
V., rapidly rises approximately V.-V as does voltage
Vpir1- First side FET Pg; turns on as second side FET P,
turns off. Body voltage V, rapidly drops and becomes equal
to cell input voltage V,_;.

Charge-transfer FET P, remains off because clock volt-
age V -xps 1s still high at time t,,. Charge-transfer FETs P,_,
and P,, likewise remain off. With voltage-equalization
FET P, having brought voltages V5, and V,, quite close to
each other prior to time t,, the V -z, and V ~x», transitions
at time t, cause cell input voltage V,, , at the P, gate
electrode to exceed cell output voltage V,, at the P, first
S/D region (source). Voltage-equalization FET P, therefore
turns off.

The V xp, transition at time t, also causes cell output
voltage V,, at the P, gate electrode to drop below gate
voltage V; at the Py, first S/D region (source) by at least,
normally more than, the magnitude V  of the (negative)
threshold voltage of diode-configured FET Pg,. Conse-
quently, FET P, turns on at time t,. Positive charge is
transferred from capacitor C, through FET P, to capacitor
Cp;- Gate voltage V5, drops as cell output voltage V , rises.
Diode-configured FET P, thus reduces the difference
between voltages V5, and V,, when charge-transfer FET P
is turned off. Since gate voltage V ;, must exceed cell output
voltage V,; by at least threshold voltage V  for FET Py, to
be turned on and perform its voltage-reducing action, FET
P_ does not reduce the difference between voltages V, and
Vp, 10 less than V 5.

The removal of positive charge from capacitor C, causes
the voltage across capacitor C; from its lower plate to its
upper plate to increase as positive charge is transferred
through diode-configured FET P,. The amount of increase
in the voltage across capacitor C; is denoted here as AV .
In a typical implementation, AV . is 2V.

Due to the reduction in gate voltage Vg, at time t,,
charge-transfer FET P, may turn on slightly at time t,, even
though clock voltage V zp; is high. If so, some positive
charge is transferred from capacitor Cp,_, through FET P
to capacitor Cp,. Cell input voltage V,,_, then drops slightly
as cell output voltage V, rises slightly.

Clock voltage V zp; transitions low at time t;. Gate
voltage V 5, drops rapidly by approximately V-V g, caus-
ing charge-transfer FET P, to turn on if it is not already on,
or to become more conductive if it is already on. Diode-
configured FET Py, turns off. Because FET Py, caused the
voltage across capacitor Cg; to be increased by AV ., gate
voltage V5, goes approximately AV ., lower than what
would have occurred if FET P, were absent. This further
reduced value of gate voltage V, causes charge-transfer
FET P, to become more conductive than what would have
occurred if diode-configured FET P, were absent. Diode-
configured FET P, thus functions to cause charge-transfer
FET P, to become more conductive when it is turned on.

Side FETs P, and P, respectively remain on and off
when clock voltage V -, transitions low at time t (to turn
on charge-transfer FET P if it is not already on as a result
of the drop in gate voltage V , at time t,,, or to cause FET
P, to become more conductive if it is already on). Charge-
transfer FETs P,_, and P, , remain off. Positive charge is
thereby transferred from capacitor Cj,_; through charge-
transfer FET P, to capacitor Cj,,. Because FET P is more
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conductive than what would arise if diode-configured FET
P_ were absent, more charge is transferred through charge-
transfer FET P, than what would occur in the absence of
diode-configured FET Pg,. This increases the charge-pump-
ing efficiency. Although some positive charge may have
flowed from capacitor C,,,_, through charge-transfer FET
P _to capacitor C,, during the interval from time t,, to time
tE: the low V -z, interval from time t to time t is the main
interval for positive charge to be transferred from capacitor
Cp,_; through FET P, to capacitor Cp, and is normally
chosen to be relatively long for achieving high pump effi-
ciency.

Cell input voltage V,,_, starts dropping relatively gradu-
ally at time t; as cell output voltage V,, starts rising
relatively gradually. The low V 5 interval, although rela-
tively long for achieving high pump efficiency, is sufficiently
short that voltages V,;, and V,,_; do not reach each other.
The V,,_, drop is insufficient to cause voltage-equalization
FET Pg, to turn on. FET P, thus remains off. Body voltage
Vg, continues to equal cell input voltage V,, ; and thus
drops relatively gradually.

Clock voltage V o5 transitions back high at time t when
cell input voltage V,,_, is greater than cell output voltage
V- Charge-transfer FET P turns off to temporarily hold
cell input voltage V,,_, greater than cell output voltage V..
FETs P5_,, Ppy, Ppy and Py, remain off. FETs Py, and Py,
remain on.

Clock voltage V .z, goes back high at time t; as clock
voltage V -z, simultaneously goes back low. Cell output
voltage V,,, rapidly rises approximately V,,~V. Cell
input voltage V,,_, rapidly drops approximately V-V o
as does voltage V,,,,. Second side FET P,,, turns on as first
side FET Pg, and diode-configured FET P, turn off. Body
voltage V5, becomes equal to cell output voltage V,, and
thereby increases rapidly. Charge-transfer FET P, remains
off. Because clock voltage V xp, is high, charge-transfer
FETs P5_, and P4, remain off.

The drop of approximately V-V s in cell input voltage
Vi at the Py, gate electrode is sufficiently great that
voltage-equalization FET P, turns on. The low-to-high
V., transition at time to causes cell output voltage V, to
exceed gate voltage V. Positive charge is thus transferred
from capacitor C,,,; through voltage-equalization FET P, to
capacitor Cg,. FET P, starts performing its function to
substantially equalize voltages Vg, and V.

At time t,, voltages V,, Vb, 1, Vi, and Vg, are respec-
tively at substantially the same values as at time t,. The
interval from time t, to time t,, is one cycle, or period, of the
charge-pumping operation in the charge pump of FIG. 12.
The variations of voltages V,,;, Vp,_ 1, Vg, and Vg, are
largely the same in cell 120, of each pump stage 122,. Since
each charge-transter FET P, has largely the same zero
back-bias threshold voltage V ,,, stage voltage gain AV, is
largely the same for each stage 122,. As with the charge
pump of FIG. 7, pump output voltage V, in the pump of
FIG. 12 increases linearly as the number n of stages 122,-
122, increases to achieve highly efficient charge pumping.

Charge-transfer FET P is a relatively large FET com-
pared to side FETs Pg, and P,,. That is, FET Py is of
considerably greater width-to-length ratio than FETs P, and
P,,,. Consequently, charge-transfer FET P, normally turns
off more slowly than side FETs Pg, and P,,. Diode-config-
ured FET P, and voltage-equalization FET P, substantially
prevent positive charge on capacitor Cp, from flowing
through charge-transfer FET P, to capacitor C,,_, when
FET P, is in the process of turning off. By substantially
preventing this reverse charge transfer when FET P, is
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turning off, the cell pumping efficiency is increased in
exchange for the inclusion of diode-configured FET P, and
voltage-equalization FET P, and the use of a four-phase
clocking system instead of a two-phase clocking system.

FIG. 14 illustrates another n-stage four-phase positive
charge pump in accordance with the invention. The charge
pump of FIG. 14 consists of charge-transfer cells
120,-120,,, ,, primary pump capacitive elements Cp,-Cp,,,
further pump capacitive elements C;,-C,, further capaci-
tive element Cg,,, ;, an additional capacitive element C,,,, |,
output capacitive element C,p, and sources (again not
separately shown) of clock voltages V czp; =V cxps. Except
for output charge-transter cell 120, ,, and aside from addi-
tional capacitive element Cp,,,,, charge-transfer cells 120 -
120,,, and capacitive elements Cp,-Cp,,, C5,-Cg,,.1, and
C,, in the pump of F1G. 14 are interconnected the same as in
the charge pump of FIG. 12 and operate from the V,,, and
Vss power supplies in response to clock voltages V -
V cxpa the same as in the pump of FIG. 12. Each charge-
transfer cell 120,, primary capacitor Cp,, and further capaci-
tor C,, in the pump of FIG. 14 thereby form a stage 122, of
the charge pump where i here again varies from 1 to n.

As to output charge-transfer cell 120, ,, in the charge
pump of FIG. 14, the second S/D region (drain) of charge-
transfer FET P, , is electrically disconnected from both the
first S/D region (source) of voltage-equalization FET P, .,
and the second S/D region (drain) of diode-configured FET
Py,.., rather than being electrically connected to the P, ,,
first S/D region and the Py, ,, second S/D region as occurs
in the charge pump of FIG. 12. Hence, the P, , | second S/D
region in the pump of FIG. 14 is not directly electrically
connected to the gate electrode of charge-transfer FET
P;,.,. This substantially enables gate voltage V,,; and
pump output voltage V,, (or V,,.,) to be fully separate
signals in the pump of FIG. 14.

The gate electrode of first side FET Pg,,, of output cell
120 inthe charge pump of FIG. 14 is electrically connected
to the interconnected first S/D region of voltage-equalization
FET Pg,,, and the second S/D region of diode-configured
FET Pg,,,, rather than being connected to the second S/D
region of charge-transfer FET P,,,_, as occurs in the charge
pump of FIG. 12. Additional capacitor C,,,,, is connected
between the interconnected P, ., first S/D region and the
FET Pg,,,, second S/D region and (i) the V oz, source if n
is an even number or (ii) the V xp, source if n is an odd
number. FIG. 14 illustrates the example in which n is even.
The remaining connections and interconnections of cell
120  in the pump of FIG. 14 are the same as in the pump
of FIG. 12.

As with the charge pump of FIG. 12, the connection of the
P,, gate electrode to the V p, source avoids undesired
bipolar action in first charge-transfer cell 120, of the charge
pump of FIG. 14 for the reasons, presented above in con-
nection with FIG. 10q, that undesired bipolar action is
avoided in first charge-transfer cell 60, of the charge pump
of FIG. 7 subject again to changing complementary clock
voltages Vxp and V. » respectively to complementary
clock voltages V oz, and V -xp, in the explanation of FIG.
10a. The coupling of the Pg,,, gate electrode through
capacitor C,,,, to the V., source (if n is even or the
V., Source if n is odd), corresponding to the coupling of the
Pg,,., gate electrode through capacitor Cg,,,, to the V
source (if n is even or the V. , source if n is odd) in the
pump of FIG. 7, avoids undesired bipolar action in output
charge-transfer cell 120,,,, of the pump of FIG. 14 for the
reasons, presented above in connection with FIG. 104, that
undesired bipolar action is avoided in output charge-transfer
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cell 60, , of the pump of FIG. 7 for the situation in which
the P, ., gate electrode is coupled through capacitor C,,,
to the V oxp source (again if n is even or the V., source if
n is odd) subject to changing voltages Vzp and V.
respectively to voltages V oz, and V -z, in the explanation
of FIG. 105 and also subject to changing capacitor C,,, , to
capacitor C,,,, in that explanation. Consequently, the pump
of FIG. 12 undesired bipolar action during the entire pump-
ing operation.

FIGS. 15a and 155 (collectively “FIG. 15”) illustrate an
extension of two-phase charge pump of FIG. 11 to an n-stage
four-phase negative charge pump in accordance with the
invention. Analogous to FIG. 124, beginning and end por-
tions of the four-phase negative charge pump are depicted in
FIG. 15a. FIG. 15b depicts an intermediate pump portion
analogous to that of FIG. 124.

Operating from a power supply which provides supply
voltages V5 and Vg, the charge pump of FIG. 15 consists
of n+1 charge-transfer cells 130,, 130,, . . . 130,,_,, 130,
and 130, ,, arranged in series, primary pump capacitive
elements C,,,-C,,, respectively corresponding to cells 130, -
130,,, further pump capacitive elements Cg,-Cg,, likewise
respectively corresponding to cells 130,-130,, further (or
additional) capacitive element C,,,, for cell 130, , ,, output
capacitive element C,,, and sources (not separately shown)
of a first clock voltage signal V 4, a second clock voltage
V cxan largely inverse to first clock voltage V oz, a third
clock voltage signal V -5 partially in phase with first clock
voltage V -z, and a fourth clock voltage V -z, partially in
phase with second clock voltage V zn,. Each charge-
transfer cell 130,, corresponding primary capacitor C,,, and
corresponding further capacitor C, form a stage 132, of the
charge pump where i varies from 1 to n.

Pump input voltage V,, is provided at a value largely
equal to Vo, on an input electrical conductor 134 to first cell
130, in first stage 130,. Similar to the charge pump of FIG.
12, nth stage 132, that contains nth cell 130, is the last stage
while (n+1)th cell 130,,,, is an output cell connected to an
output electrical conductor 136 on which pump output
voltage V., is furnished at an approximately constant value
less than V4. Output capacitor C,,, is connected between
output connector 136 and the V. supply.

Charge-transfer cells 130,-130,,, are formed with
enhancement-mode n-channel insulated-gate FETs config-
ured as described above for the p-channel FETs in the charge
pump of FIG. 12 except that the conductivity types are
reversed. Each cell 130, for i varying from 1 to n+1 consists
of a charge-transfer FET N, a first side FET N, a second
side FET N, a voltage-equalization FET N, and a diode-
configured FET Ny, respectively corresponding to FETs P,
Py, Py Pg, and Py, in the pump of FIG. 12. Voltage-
equalization FETs Ng -Ng,., are substantially identical.
Diode-configured FETs N, -N, ., are substantially identi-
cal.

FETS N7y -Ny, 0, Ny -Nop1, Npi-Npgear s Ny -Ng,, 0, and
Nz;-Ng,..; are interconnected with one another and with
capacitors C,,-Cp,,,; and C;,-Cg,,,; in the same manner as
described above for respectively corresponding FETs P, -
Prii1: Psi-Psuirs Poi-Prits Pei-Prey and Pry P, inthe
charge pump of FIG. 12. Voltages V-V p,.1s Vai=Vanets
and V-V, ., are present at the same respective locations
on FETs N7y -Ny, 1. Ngi-Ng,i1, Ny -Niy1 Ny "N, and
Nz;-Ng,..: as on corresponding FETs P,,-P,. 1, Ps,-Po,.. 1>

51 Pomats Pei-Pras and Pri-Pr, . The Vg, Vegas.
Verns, and Vg, sources are connected to capacitors
C,,“Cpys1 and Cg;-Cg,,,., in the same respective ways as the
V exp1=V cxpas SOULCES.

-+
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The connection of the gate electrode of second side FET
N, in first cell 130, differs, in accordance with the inven-
tion, from the connection of each other N, gate electrode in
the same way that the connection of the P,,, gate electrode
in the charge pump of FIG. 12 differs from the connection
of each other P, gate electrode. That is, the N, gate
electrode in the charge pump of FIG. 15 is connected to the
V cxan source. The connection of the gate electrode of first
side FET Ng,,, in output cell 130,,, likewise differs, in
accordance with the invention, from the connection of each
other Ny, gate electrode in the same manner that the con-
nection of the Pg,,,, gate electrode in the pump of FIG. 12
differs from the connection of each other P, gate electrode.
Consequently, the N, ,, gate electrode is connected to the
second S/D region of charge-transfer FET N, ; in cell
130  to receive output voltage V,,,_, from cell 130,,_,.

Clock voltages V cxn1—V cxva 1deally vary between Vg
and V,, as generally depicted in FIG. 16. A comparison of
FIG. 16 to FIG. 13 shows that clock voltages V cza =V cxna
are basically respectively inverse to clock voltages V
V cxp4 utilized in the charge pump of FIG. 12.

Subject to all the voltage polarities being reversed, the
charge pump of FIG. 15 operates in the same manner as the
charge pump of FIG. 12. Hence, the pump of FIG. 15 avoids
undesired bipolar action in first charge-transfer cell 130, and
output charge-transfer cell 130,,,, in the same manner that
undesired bipolar action is avoided in cells 120, and 120, .,
in the pump of FIG. 12 and thus in the same manner that
undesired bipolar action is avoided in cells 60, and 60, ,, in
the charge pump of FIG. 7.

FIG. 17 illustrates another n-stage four-phase negative
charge pump in accordance with the invention. The charge
pump of FIG. 17 consists of charge-transfer cells
130, 50,1, primary pump capacitive elements Cp,-Cp,,,
further pump capacitive elements C;,-C,, further capaci-
tive elements Cg,,,, additional capacitive element Cp,,,, ,
output capacitive element C,,, and sources (again not
separately shown) of clock voltages V -z =V cxas. Except
for output charge-transter cell 130, ,, and aside from addi-
tional capacitive element Cp,,,,, charge-transfer cells 130 -
130,,, and capacitive elements C,,-Cp,,, C5,-Cg,,.1, and
C,, in the pump of FIG. 17 are interconnected the same as
in the charge pump of FIG. 15 and operate from the V,,, and
Vss power supplies in response to clock voltages V-
V cxaa the same as in the pump of FIG. 15. Each charge-
transfer cell 130,, primary capacitor Cp,, and further capaci-
tor C; in the pump of FIG. 17 thus form a stage 132, of the
charge pump where i here again varies from 1 to n.

As to output charge-transfer cell 130, ,, and additional
capacitor C,,,, in the charge pump of FIG. 17, the connec-
tions of the second S/D region (drain) of charge-transfer
FET Ng,,, the first S/D region (source) of voltage-equal-
ization FET Ng,,,,, the second S/D region (drain) of diode-
configured FET N, ., and the gate electrode of first side
FET N, in the pump of FIG. 17 differ from the connec-
tions of the N, ,, second S/D region, the N, , first S/D
region, the Ny, second S/D region, and the N, ,, gate
electrode in the charge pump of FIG. 15 in the same way that
the P, second S/D region, the P, first S/D region, the
Pg,..1 second S/D region, and the Pg,,, gate electrode are
connected differently in the charge pump of FIG. 14 than in
the charge pump of FIG. 12. Additional capacitor C,,,; in
the pump of FIG. 17 is thereby connected between the
interconnected N, ., first S/D region and the FET N, .,
second S/D region and (i) the V -z, source if n is an even
number or (ii) the V -z, source if n is an odd number. FIG.
17 illustrates the example in which n is even. Accordingly,
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gate voltage V., ; and pump output voltage V, (or V. 1)
are fully separate signals in the pump of FIG. 17. The
remaining connections and interconnections of output cell
130,,, ,in the pump of FIG. 17 are the same as in the pump
of FIG. 15.

Subject to all the voltage polarities being reversed, the
charge pump of FIG. 17 operates in the same manner as the
charge pump of FIG. 14. The pump of FIG. 17 avoids
thereby undesired bipolar action in first charge-transfer cell
130, and output charge-transfer cell 130,,, in the same
manner that undesired bipolar action is avoided in cells 120,
and 120, ,, in the pump of FIG. 14 and thus in the same
manner that undesired bipolar action is avoided in cells 60,
and 60, , in the charge pump of FIG. 7.

While the invention has been described with reference to
particular embodiments, this description is solely for the
purpose of illustration and is not to be construed as limiting
the scope of the invention claimed below. For example, the
gate electrode of each voltage-equalization FET P, or N,
for i varying from 1 to n+1 can be connected to its second
S/D region (drain) in a diode configuration to receive gate
voltage V. In that case, FET P, or N reduces the
difference between gate voltage V5, and cell output voltage
Vp; when charge-transfer FET P, or Ny, is turned off but
does not cause voltages V5, and V,, to become substantially
equal to each other. Instead, FET P, or N, causes cell
output voltage V,, to substantially equal gate voltage V,
plus the threshold voltage V ;. of FET P, or Ng,. That is,
FET Pg, or Ny, substantially reduces the difference between
voltages V5, and V,, to V- when charge-transfer FET P
or N is turned off.

Clock voltages V ozp; and V zp; can make low-to-high
transitions largely simultaneously rather than having voltage
V cxp; make a low-to-high transition while voltage V -z, is
low. Similarly, clock voltages V ~zp, and V z», can make
low-to-high transitions largely simultaneously rather than
having voltage V ., make a low-to-high transition while
voltage V zp, is low. In a complementary manner, clock
voltages V .z, and V x5 can make high-to-low transitions
largely simultaneously rather than having voltage V zay
make a high-to-low transition while voltage V -z, is high.
Clock voltages V .z, and Vg, can make high-to-low
transitions largely simultaneously rather than having voltage
V oz make a high-to-low transition while voltage V -z, 1s
high.

The connections of certain of side FETs Pg,-Pg, and
P -Pp,, may be different than that described above for the
charge pumps of FIGS. 7, 12, and 14. Certain of side FETs
Pg,-Ps,, and P,-P,,, may even be absent in variations of the
pumps of FIGS. 7, 12, and 14. These comments similarly
apply to side FETs Ng,-Ng, and N,,-N,,, in the charge
pumps FIGS. 11, 15, and 17.

Although the connections of the gate electrodes of second
side FET P, or N, and first side FET Pg,,,, or Ng, ., both
preferably respectively differ cell-wise from the connections
of every other P, or N, gate electrode and every other Pg;
or N, gate electrode, the connection of every P, or N, gate
electrode may be the same cell-wise in some variations of
the present charge pumps while the connection of the P,
or N, gate electrode differs cell-wise from the connection
of every other P or N, gate electrode. Similarly, the
connection of every P, ., or N, ,, gate electrode may be the
same cell-wise in some variations of the present charge
pumps while the connection of the P, or N, gate electrode
differs cell-wise from the connection of every other P, or

N, gate electrode. Various modifications and applications
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may thus be made by those skilled in the art without
departing from the true scope of the invention as defined in
the appended claims.

I claim:

1. A charge pump comprising:

a plurality of n+1 charge-transfer cells respectively
sequentially designated as the first through (n+1)th
cells wherein n is at least 3, the cells containing
like-polarity field-effect transistors (“FETs”) each hav-
ing a gate electrode and first and second source/drain
(“S/D”) regions separated by a channel portion of a
body region where each cell comprises (a) a charge-
transfer FET, (b) a first side FET whose first and second
S/D regions are respectively coupled to the first S/D
and body regions of the charge-transfer FET, and (c) a
second side FET whose first and second S/D regions are
respectively coupled to the second S/D and body
regions of the charge-transfer FET, the cells being
arranged in series with the second S/D region of the
charge-transfer FET of each cell except the (n+1)th cell
coupled to the first S/D region of the charge-transfer
FET of the next cell,;

sources of first and second clock signals approximately
inverse to each other, the gate electrodes of the first and
second side FETs (a) of the first cell being respectively
coupled to the second S/D region of the first cell’s
charge-transfer FET and directly to the source of the
second clock signal, (b) of the (n+1)th cell being
respectively coupled to a selected location in the charge
pump and the first S/D region of the (n+1)th cell’s
charge-transfer FET, and (c¢) of each remaining cell
being respectively coupled to the second and first S/D
regions of that remaining cell’s charge-transfer FET;
and

a plurality of n primary capacitive elements respectively
corresponding to the first through nth cells, each pri-
mary capacitive element coupled between the second
S/D region of the charge-transter FET of the corre-
sponding cell and (i) the source of the first clock signal
if that cell is an odd-numbered cell or (ii) the source of
the second clock signal if that cell is an even-numbered
cell.

2. A charge pump as in claim 1 wherein the gate electrode
of'the first side FET of the (n+1)th cell is electrically coupled
to the second S/D region of the charge-transfer FET of the
(n+1)th cell.

3. A charge pump as in claim 2 wherein the primary
capacitive element corresponding to the (n-1)th cell is
coupled between the gate electrode of the first side FET of
the (n+1)th cell and (i) the source of the first clock signal if
n is an even number or (ii) the source of the second clock
signal if n is an odd number.

4. A charge pump as in claim 1 wherein:

the gate electrode and second S/D region of the (n+1)th
cell’s charge-transfer FET are substantially electrically
decoupled from each other; and

the gate electrode of the first side FET of the (n+1)th cell
is electrically coupled to the gate electrode of that cell’s
charge-transfer FET.

5. A charge pump as in claim 4 further including an
additional capacitive element coupled between the gate
electrode of the (n+1)th cell’s charge-transfer FET and (i)
the source of the first clock signal if n is an even number or
(i1) the source of the second clock signal if n is an odd
number.

6. A charge pump as in claim 1 further including an
additional capacitive element coupled between the gate
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electrode of the (n+1)th cell’s first side FET and (i) the
source of the first clock signal if n is an even number or (ii)
the source of the second clock signal if n is an odd number.

7. A charge pump as in claim 6 wherein the gate electrode
and second S/D region of the (n+1)th cell’s charge-transfer
FET are not directly electrically connected to each other, the
charge pump further including at least one additional FET
having its S/D regions coupled respectively to the gate
electrodes of the (n+1)th cell’s charge-transfer and first side
FETs.

8. A charge pump as in claim 1 further including circuitry
for providing the gate electrode of the charge-transfer FET
(a) of each odd-numbered cell with a control signal syn-
chronized to the first clock signal and (b) of each even-
numbered cell with a control signal synchronized to the
second clock signal.

9. A charge pump as in claim 8 wherein the body region
of each side FET is electrically coupled to its second S/D
region.

10. A charge pump as in claim 1 wherein the gate
electrode of the charge-transfer FET of each of the first
through nth cells is connected to the second S/D region of
that charge-transfer FET.

11. A charge pump as in claim 1 further including:

sources of third and fourth clock signals different from the

first and second clock signals, the four clock signals all
varying substantially between first and second voltage
values, the third clock signal being substantially at the
first voltage value during pumping operation only dur-
ing part of each time interval that the first clock signal
is substantially at the first voltage value, the fourth
clock signal being substantially at the first voltage
value during pumping operation only during part of
each time interval that the second clock signal is
substantially at the first voltage value; and

a plurality of n+1 further capacitive elements respectively

corresponding to the n+1 cells, each further capacitive
element coupled between the gate eclectrode of the
charge-transfer FET of the corresponding cell and (i)
the source of the third clock signal if that cell is an
odd-numbered cell or (ii) the source of the fourth clock
signal if that cell is an even-numbered cell.

12. A charge pump as in claim 11 wherein the gate
electrode of the first side FET of the (n+1)th cell is electri-
cally coupled to the second S/D region of the charge-transfer
FET of the (n-1)th cell.

13. A charge pump as in claim 12 wherein the primary
capacitive element corresponding to the (n-1)th cell is
coupled between the gate electrode of the first side FET of
the (n+1)th cell and (i) the source of the first clock signal if
n is an even number or (ii) the source of the second clock
signal if n is an odd number.

14. A charge pump as in claim 11 further including an
additional capacitive element coupled between the gate
electrode of the (n+1)th cell’s first side FET and (i) the
source of the first clock signal if n is an even number or (ii)
the source of the second clock signal if n is an odd number.

15. A charge pump as in claim 14 wherein the gate
electrode and second S/D region of the (n+1)th cell’s charge-
transfer FET are not directly electrically connected to each
other, the charge pump further including at least one addi-
tional FET having its S/D regions coupled respectively to the
gate electrodes of the (n+1)th cell’s charge-transfer and first
side FETs.

16. A charge pump as in claim 11 wherein the body region
of each side FET is electrically coupled to its second S/D
region.
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17. A charge pump as in claim 11 wherein the first clock
signal is substantially at the second voltage value during
pumping operation only during part of each time interval
that the third clock signal is substantially at the second
voltage value, and the second clock signal is substantially at
the second voltage value during pumping operation only
during part of each time interval that the fourth clock signal
is substantially at the second voltage value.

18. A charge pump as in claim 11 wherein the third clock
signal transitions substantially from the second voltage
value to the first voltage value during pumping operation
between (al) when the first clock signal transitions substan-
tially from the second voltage value to the first voltage value
and (bl) when the first clock signal immediately thereafter
transitions back to the second voltage value, and the fourth
clock signal transitions substantially from the second volt-
age value to the first voltage value during pumping operation
between (a2) when the second clock signal transitions
substantially from the second voltage value to the first
voltage value and (b2) when the second clock signal imme-
diately thereafter transitions substantially back to the second
voltage value.

19. A charge pump as in claim 11 wherein the third clock
signal transitions substantially from the second voltage
value to the first voltage value and back to the second
voltage value during pumping operation between (al) when
the first clock signal transitions substantially from the sec-
ond voltage value to the first voltage value and (b1) when the
first clock signal immediately thereafter transitions substan-
tially back to the second voltage value, and the fourth clock
signal transitions substantially from the second voltage
value to the first voltage value and back to the second
voltage value during pumping operation between (a2) when
the second clock signal transitions substantially from the
second voltage value to the first voltage value and (b2) when
the second clock signal immediately thereafter transitions
substantially back to second voltage value.

20. A charge pump as in claim 11 wherein the charge-
transfer FET of each cell turns on in response, through the
corresponding further capacitive element, to (i) the third
clock signal transitioning from the second voltage value to
the first voltage value if that cell is an odd-numbered cell or
(i) the fourth clock signal transitioning substantially from
the second voltage value to the first voltage value if that cell
is an even-numbered cell.

21. A charge pump as in claim 11 wherein each cell
includes circuitry for causing that cell’s charge-transfer FET
to turn on more strongly when it is turned on.

22. A charge pump as in claim 21 wherein the causing
circuitry of each of the first through nth cells is coupled
between the gate electrode and second S/D region of that
cell’s charge-transfer FET.

23. A charge pump as in claim 22 wherein the causing
circuitry of the (n+1)th cell is coupled between the gate
electrode and second S/D region of the (n+1)th cell’s charge-
transfer FET.

24. A charge pump as in claim 22 wherein the causing
circuitry of the (n+1)th cell is coupled between the gate
electrodes of the (n+1)th cell’s charge-transfer and first side
FETs.

25. A charge pump as in claim 24 further including an
additional capacitive element coupled between the gate
electrode of the (n+1)th cell’s first side FET and (i) the
source of the first clock signal if n is an even number or (ii)
the source of the second clock signal if n is an odd number.
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26. A charge pump as in claim 25 wherein the gate
electrode and second S/D region of the (n+1)th cell’s charge-
transfer FET are not directly electrically connected to each
other.

27. A charge pump as in claim 22 wherein the causing
circuitry of each cell comprises a rectifier.

28. A charge pump as in claim 11 wherein each of the first
through nth cells includes circuitry for reducing the voltage
difference between voltages at the gate electrode and second
S/D region of that cell’s charge-transter FET when it is
turned off.

29. A charge pump as in claim 28 wherein each of the first
through nth cells further includes circuitry for causing that
cell’s charge-transfer FET to turn on more strongly when it
is turned on.

30. A charge pump as in claim 11 wherein each of the first
through nth cells further includes a diode-configured FET
whose first S/D region is coupled to the gate electrode of that
cell’s charge-transfer FET and whose gate electrode and
second S/D region are commonly coupled to the second S/D
region of that cell’s charge-transfer FET.

31. A charge pump as in claim 11 wherein each of the first
through nth cells further includes a voltage-equalization
FET whose first S/D region, gate electrode, and second S/D
region are respectively coupled to the second S/D region,
first S/D region, and gate electrode of that cell’s charge-
transfer FET.

32. A charge pump as in claim 31 wherein each of the first
through nth cells includes diode-configured FET whose first
S/D region is coupled to the gate electrode of that cell’s
charge-transfer FET and whose gate electrode and second
S/D region are commonly coupled to the second S/D region
of that cell’s charge-transfer FET.

33. A charge pump comprising:

a plurality of n+1 charge-transfer cells respectively
sequentially designated as the first through (n+1)th
cells wherein n is at least 3, the cells comprising
like-polarity field-effect transistors (“FETs”) each hav-
ing a gate electrode and first and second source/drain
(“S/D”) regions separated by a channel portion of a
body region where each cell comprises (a) a charge-
transfer FET, (b) a first side FET whose first and second
S/D regions are respectively coupled to the first S/D
and body regions of the charge-transfer FET, and (c) a
second side FET whose first and second S/D regions are
respectively coupled to the second S/D and body
regions of the charge-transfer FET, the cells being
arranged in series with the second S/D region of the
charge-transfer FET of each cell except the (n+1)th cell
coupled to the first S/D region of the charge-transfer
FET of the next cell;

sources of first and second clock signals approximately
inverse to each other, the gate electrodes of the first and
second side FETs (a) of the first cell being respectively
coupled to the second S/D region of the first cell’s
charge-transfer FET and a selected location in the
charge pump, (b) of the (n-+1)th cell being respectively
coupled to the gate electrode of the (n-1)th cell’s
charge-transfer FET and the first S/D region of the
(n+1)th cell’s charge-transfer FET, and (c¢) of each
remaining cell being respectively coupled to the second
and first S/D regions of that remaining cell’s charge-
transfer FET; and

a plurality of n primary capacitive elements respectively
corresponding to the first through nth cells, each pri-
mary capacitive element coupled between the second
S/D region of the charge-transter FET of the corre-
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sponding cell and (i) the source of the first clock signal
if that cell is an odd-numbered cell or (ii) the source of
the second clock signal if that cell is an even-numbered
cell.

34. A charge pump as in claim 33 wherein the primary
capacitive element corresponding to the (n-1)th cell is
coupled between the gate electrode of the first side FET of
the (n+1)th cell and (i) the source of the first clock signal if
n is an even number or (ii) the source of the second clock
signal if n is an odd number.

35. A charge pump as in claim 33 further including
circuitry for providing the gate electrode of the charge-
transfer FET (a) of each odd-numbered cell with a control
signal synchronized to the first clock signal and (b) of each
even-numbered cell with a control signal synchronized to
the second clock signal.

36. A charge pump as in claim 33 wherein the gate
electrode of the charge-transfer FET of each of the first
through nth cells is connected to the second S/D region of
that charge-transfer FET.

37. A charge pump as in claim 36 further including an
additional capacitive element coupled between the gate
electrode of the (n+1)th cell’s charge-transfer FET and (i)
the source of the first clock signal if n is an odd number or
(i1) the source of the second clock signal if n is an even
number.

38. A charge pump as in claim 33 further including:

sources of third and fourth clock signals different from the
first and second clock signals, the four clock signals all
varying substantially between first and second voltage
values, the third clock signal being substantially at the
first voltage value during pumping operation only dur-
ing part of each time interval that the first clock signal
is substantially at the first voltage value, the fourth
clock signal being substantially at the first voltage
value during pumping operation only during part of
each time interval that the second clock signal is
substantially at the first voltage value; and

a plurality of n+1 further capacitive elements respectively
corresponding to the n+1 cells, each further capacitive
element coupled between the gate electrode of the
charge-transfer FET of the corresponding cell and (i)
the source of the third clock signal if that cell is an
odd-numbered cell or (ii) the source of the fourth clock
signal if that cell is an even-numbered cell.

39. A charge pump comprising:

a plurality of n+1 charge-transfer cells respectively
sequentially designated as the first through (n+1)th
cells wherein n is at least 3, the cells comprising
like-polarity field-effect transistors (“FETs”) each hav-
ing a gate electrode and first and second source/drain
(“S/D”) regions separated by a channel portion of a
body region where each cell comprises (a) a charge-
transfer FET, (b) a first side FET whose first and second
S/D regions are respectively coupled to the first S/D
and body regions of the charge-transfer FET, and (c) a
second side FET whose first and second S/D regions are
respectively coupled to the second S/D and body
regions of the charge-transfer FET, the cells being
arranged in series with the second S/D region of the
charge-transfer FET of each cell except the (n+1)th cell
coupled to the first S/D region of the charge-transfer
FET of the next cell, the gate electrode and second S/D
region of the (n+1)th cell’s charge-transfer FET being
substantially electrically decoupled from each other;

sources of first and second clock signals approximately
inverse to each other, the gate electrodes of the first and
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second side FETs (a) of the first cell being respectively
coupled to the second S/D region of the first cell’s
charge-transfer FET and a selected location in the
charge pump, (b) of the (n+1)th cell being respectively
coupled to the gate electrode of the (n+1)th cell’s
charge-transfer FET and the first S/D region of the
(n+1)th cell’s charge-transfer FET, and (c¢) of each
remaining cell being respectively coupled to the second
and first S/D regions of that remaining cell’s charge-
transfer FET;

a plurality of n primary capacitive elements respectively
corresponding to the first through nth cells, each pri-
mary capacitive element coupled between the second
S/D region of the charge-transter FET of the corre-
sponding cell and (i) the source of the first clock signal
if that cell is an odd-numbered cell or (ii) the source of
the second clock signal if that cell is an even-numbered
cell; and

an additional capacitive element coupled between the gate
electrode of the (n+1)th cell’s charge-transfer FET and
(1) the source of the first clock signal if n is an even
number or (ii) the source of the second clock signal if
n is an odd number.

40. A charge pump comprising:

a plurality of n+1 charge-transfer cells respectively
sequentially designated as the first through (n+1)th
cells wherein n is at least 3, the cells comprising
like-polarity field-effect transistors (“FETs”) each hav-
ing a gate electrode and first and second source/drain
(“S/D”) regions separated by a channel portion of a
body region where each cell comprises (a) a charge-
transfer FET, (b) a first side FET whose first and second
S/D regions are respectively coupled to the first S/D
and body regions of the charge-transfer FET, and (c) a
second side FET whose first and second S/D regions are
respectively coupled to the second S/D and body
regions of the charge-transfer FET, the cells being
arranged in series with the second S/D region of the
charge-transfer FET of each cell except the (n+1)th cell
coupled to the first S/D region of the charge-transfer
FET of the next cell, the gate electrode and second S/D
region of the (n+1)th cell’s charge-transfer FET being
substantially electrically decoupled from each other;

sources of first and second clock signals approximately
inverse to each other;

sources of third and fourth clock signals different from the
first and second clock signals, the four clock signals all
varying substantially between first and second voltage
values, the third clock signal being substantially at the
first voltage value during pumping operation only dur-
ing part of each time interval that the first clock signal
is substantially at the first voltage value, the fourth
clock signal being substantially at the first voltage
value during pumping operation only during part of
each time interval that the second clock signal is
substantially at the first voltage value;

a plurality of n primary capacitive elements respectively
corresponding to the first through nth cells, each pri-
mary capacitive element coupled between the second
S/D region of then charge-transfer FET of the corre-
sponding cell and (i) the source of the first clock signal
if that cell is an odd-numbered cell or (ii) the source of
the second clock signal if that cell is an even-numbered
cell;

a plurality of n+1 further capacitive elements respectively
corresponding to the n+1 cells, each further capacitive
element coupled between the gate eclectrode of the
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charge-transfer FET of the corresponding cell and (i)
the source of the third clock, signal if that cell is an
odd-numbered cell or (ii) the source of the fourth clock
signal if that cell is an even-numbered cell; and

an additional capacitive element coupled to (I) the source
of'the first clock signal if n is an even number or (ii) the
source of the second clock signal if n is an odd number,
the gate electrodes of the first and second side FETs (a)
of'the first cell being respectively coupled to the second
S/D region of the first cell’s charge.-transfer FET and
a selected location in the charge pump, (b) of the
(n+1)th cell being respectively coupled to the addi-
tional capacitive element and the first S/D region of the
(n+1)th cell’s charge-transfer FET and (c¢) of each
remaining cell being respectively coupled to the second
and first S/D regions of that in remaining cell’s charge-
transfer FET.

41. A charge pump as in claim 40 wherein the gate
electrode and second S/D region of the (n+1)th cell’s charge-
transfer FET are not directly electrically connected to each
other, the charge pump further including at least one addi-
tional FET having its S/D regions coupled respectively to the
gate electrodes of the (n+1)th cell’s charge-transfer and first
side FETs.

42. A charge pump comprising:

a plurality of n+1 charge-transfer cells respectively
sequentially designated as the first through (n+1)th
cells wherein n is at least 3, the cells employing
like-polarity field-effect transistors (“FETs”) each hav-
ing a gate electrode and first and second source/drain
(“S/D”) regions separated by a channel portion of a
body region where each cell comprises a charge-trans-
fer FET and where each of the first and (n+1)th cells
further includes(a) a first side FET whose first and
second S/D regions are respectively coupled to the first
S/D and body regions of that cell’s charge-transfer FET
and (b) a second side FET whose first and second S/D
regions are respectively coupled to the second S/D and
body regions of that cell’s charge-transfer FET, the
cells being arranged in series with the second S/D
region of the charge-transfer FET of each cell except
the (n+1)th cell coupled to the first S/D region of the
charge-transfer FET of the next cell;

sources of first and second clock signals approximately
inverse to each other, the gate electrodes of the first and
second side FETs (a) of the first cell being respectively
coupled to the second S/D region of the first cell’s
charge-transfer FET and directly to the source of the
second clock signal and (b) of the (n+1)th cell being
respectively coupled to a selected location in the charge
pump and the first S/D region of the (n+1)th cell’s
charge-transfer; and

a plurality of n primary capacitive elements respectively
corresponding to the first through nth cells, each pri-
mary capacitive element coupled between the second
S/D region of the charge-transter FET of the corre-
sponding cell and (i) the source of the first clock signal
if that cell is an odd-numbered cell or (ii) the source of
the second clock signal if that cell is an even-numbered
cell.

43. A charge pump as in claim 42 wherein the gate
electrode of the first side Avenue FET of the (n+1)th cell is
electrically coupled to the second S/D region of the charge-
transfer FET of the (n-1)th cell.

44. A charge pump as in claim 43 wherein the primary
capacitive element corresponding to the (n-1)th cell is
coupled between the gate electrode of the first side FET of
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the (n+1)th cell and (i) the source of the first clock signal if
n is an even number or (ii) the source of the second clock
signal if n is an odd number.

45. A charge pump as in claim 42 wherein:

the gate electrode and second S/D region of the (n+1)th
cell’s charge-transfer FET are substantially electrically
decoupled from each other; and

the gate electrode of the first side FET of the (n+1)th cell
is electrically coupled to the gate electrode of that cell’s
charge-transfer FET.

46. A charge pump as in claim 45 further including an
additional capacitive element coupled between the gate
electrode of the (n+1)th cell’s-charge-transfer FET and (i)
the source of the first clock signal if n is an even number or
(i1) the source of the second clock signal if n is an odd
number.

47. A charge pump as in claim 42 further including an
additional capacitive element coupled between the gate
electrode of the (n+1)th. cell’s first side FET and (i) the
source of the first clock signal if n is an even number or (ii)
the source of the second clock signal if n is an odd number.

48. A charge pump as in claim 47 further including at least
one additional FET having its S/D regions coupled respec-
tively to the gate electrodes of the (n+1)th cell’s charge-
transfer and first side FETs.

49. A charge pump as in claim 42 further including
circuitry for providing the gate electrode of the charge-
transfer FET (a) of each odd-numbered cell with a control
signal synchronized to the first clock signal and (b) of each
even-numbered cell with a control signal synchronized to
the second clock, signal.

50. A charge pump as in claim 43 wherein the gate
electrode of the first side FET of the (n+1)th cell is electri-
cally coupled to the second S/D region of the charge-transfer
FET of the (n-1)th cell.

51. A charge pump as in claim 42 further including:

sources of third and fourth clock signals different from the
first and second clock signals, the four clock signals all
varying substantially between first and second voltage
values, the third clock signal being substantially at the
first voltage value during pumping operation only dur-
ing part of each time interval that the first clock signal
is substantially at the first voltage value, the fourth
clock signal being substantially at the first voltage
value during pumping operation only during part of
each time interval that the second clock signal is
substantially at the first voltage value; and

a plurality of n+1 further capacitive elements respectively
corresponding to the n+1 cells, each further capacitive
element coupled between the gate eclectrode of the
charge-transfer FET of the corresponding cell and (i)
the source of the third clock signal if that cell is an
odd-numbered cell or (ii) the source of the fourth clock
signal if that cell is an even-numbered cell.

52. A charge pump comprising:

a plurality of n+1 charge-transfer cells respectively
sequentially designated as the first through (n+1)th
cells wherein n is at least 3, the tells employing
like-polarity field-effect transistors (“FETs”) each hav-
ing a gate electrode and first and second source/drain
(“S/D”) regions separated by a channel portion of a
body region where each cell comprises a charge-trans-
fer FET and where each of the first and (n+1 )th cells
further includes (a) a first side FET whose first and
second S/D regions are respectively coupled to the first
S/D and body regions of that cell’s charge-transfer FET
and (b) a second side FET whose first and second S/D
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regions are respectively coupled to the second S/D and
body regions of that cell’s charge-transfer FET, the
cells being arranged in series with the second S/D
region of the charge-transfer FET of each cell except
the (n+1)th cell coupled to the first S/D region of the
charge-transfer FET of the next cell;

sources of first and second clock signals approximately

inverse to each other, the gate electrodes of the first and
second side FETs (a) of the first cell being respectively
coupled to the second S/D region of the first cell’s
charge-transfer FET and a selected location in the
charge pump and (b) of the (n+1)th cell being respec-
tively coupled to the second S/D region of the (n—1)th
cell’s charge-transfer FET and the first S/D region of
the (n+1)th cell’s charge-transfer FET; and

a plurality of n primary capacitive elements respectively

corresponding to the first through nth cells, each pri-
mary capacitive element coupled between the second
S/D region of the charge-transter FET of the corre-
sponding cell and (i) the source of the first clock signal
if that cell is an odd-numbered cell or (ii) the source of
the second clock signal if that cell is an even-numbered
cell.

53. A charge pump as in claim 52 wherein the primary
capacitive element corresponding to the (n-1)th cell is
coupled between the gate electrode of the first side FET of
the (n+1)th cell and (i) the source of the first clock signal if
n is an even number or (ii) the source of the second clock
signal if n is an odd number.

54. A charge pump as in claim 52 further including
circuitry for providing the gate electrode of the charge-
transfer FET (a) of each odd-numbered cell with a control
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signal synchronized to the first clock signal and (b) of each
even-numbered cell with a control signal synchronized to
the second clock signal.

55. A charge pump as in claim 52 further including:

sources of third and fourth clock signals different from the
first and second clock signals, the four clock signals all
varying substantially between first and second voltage
values, the third clock signal being substantially at the
first voltage value during pumping operation only dur-
ing part of each time interval that the first clock signal
is substantially at the first voltage value, the fourth
clock signal being substantially at the first voltage
value during pumping operation only during part of
each time interval that the second clock signal is
substantially at the first voltage value; and

a plurality of n+1 further capacitive elements respectively
corresponding to the n+1 cells, each further capacitive
element coupled between the gate eclectrode of the
charge-transfer FET of the corresponding cell and (i)
the source of the third clock signal if that cell is an
odd-numbered cell or (ii) the source of the fourth clock
signal if that cell is an even-numbered cell.

56. A charge pump as in claim 39 further including
circuitry for providing the gate electrode of the charge-
transfer FET (a) of each odd-numbered cell before the last
cell with a control signal synchronized to the first clock
signal and (b) of each even-numbered cell before the last cell
with a control signal synchronized to the second clock
signal.



